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A B STR A C T
Impedance technology is currently used as a m easurem ent o f m icrobial 
activity. The purpose o f the current study was to determ ine the feasibility o f 
utilizing impedance technology to evaluate the quality o f white shrim p (marine 
species) and channel catfish (freshw ater species). Impedance analysis 
measurements (I-values) o f raw shrimp increased for samples stored at 5, 25, and 
35°C ; however, control samples stored at -20°C  displayed no significant changes 
in I-values. I-values from therm ally processed shrimp had no direct relationship 
with odor scores, increased storage time, or increased storage tem perature. It 
was concluded that while impedance measurements were able to indicate the 
degree o f raw shrimp quality, they were ineffective for determ ining the quality 
o f cooked shrimp. M ethods currently utilized in this study to determ ine quality 
include degradation product m easurement, odor analysis, psychrotrophic bacterial 
enum eration, and pH. Comparisons o f raw shrim p I-values and odor scores 
demonstrated a strong relationship, particularly with increased storage time and 
tem perature. Impedance analysis o f channel catfish dem onstrated no relationship 
with other quality indicators. M easurem ents of the nucleoside inosine correlated 
highly with odor scores, which demonstrated that inosine quantification has the 
potential for use as an indicator o f catfish quality. The effect o f rigor mortis on 
impedance measurements was also examined in this study. W hile rigor mortis
xv
occurred in catfish muscle within the first 5 hours postm ortem , no relationship 
was established with impedance. This study dem onstrated that im pedance can 
measure shrim p quality, but not catfish quality, and that the nucleoside inosine 
could be a potential indicator o f catfish quality.
xvi
INTRODUCTION
Seafood consumption in the United States rose from 8 lbs. (3.63 kg) per person 
in the 1970’s to 14.7 lbs. (6.67 kg) per person in 1986 for numerous reasons, such as 
availability, economic appeal, taste preferences and health benefits (Vondruska et al., 
1988). Well balanced with vitamins, minerals, and protein, seafood has become one 
of the "new foods" of choice. Seafood products contain lower levels of saturated fats 
than many terrestrial animals and have lower caloric content per typical serving 
(Kinsella, 1988). Use of fish as a protein source, instead of terrestrial animals has a 
demonstrated economic efficiency for producers because most terrestrial animals have 
a high feed to body tissue conversion and have higher bone mass (Lovell, 1991).
Due to an increasing demand for seafood products, aquaculture has become a 
thriving business. Of the three major sources of fishery products; recreational catch, 
wildstock commercial harvest, and aquaculture (farm-raised), the latter has grown the 
fastest (Tucker and Robinson, 1990). Farmed fish, such as salmon and channel catfish 
have provided the world with 15% of its annually consumed fish products, producing 
up to 165,000 and 250,000 metric tons, respectively. Penaeid (marine) shrimp farming 
is the fastest growing area of aquaculture, accounting for 25% of the shrimp on the 
world market. South American and Asian countries have found farm-raised shrimp to 
be a profitable business that assists their economies (Lovell, 1991).
Aquaculture has various benefits in comparison with wildstock commercial 
harvest (sea-harvest). First, availability of aquacultured products has exceeded native
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fisheries, especially when fluctuations in sea-harvested fish causes price variability. 
Second, control of quality has become an important attribute of the aquaculture industry 
since farm harvesting can be scheduled to provide consumers or processors with the 
highest product quality possible (Lovell, 1991).
Preharvest quality of seafood is influenced by season, fluctuation in species 
concentration, weather, food supply, disease, pollution, and over-harvesting (Vondruska 
et al. , 1988). Postharvest seafood quality is largely a function of time and temperature 
during storage and transportation. Detrimental changes occur in seafood before, 
during, and after processing. Many of these changes affect nutrient content, microbial 
loading, texture, flavor, and color with each influencing consumer purchasing decisions 
(Saguy and Karel, 1980).
The basis for acceptable seafood quality is the identification of the degree of 
product decomposition. Spoilage is defined as the condition of unacceptable product 
quality caused by decomposition, while freshness is the condition of acceptable product 
quality that results when little or no decomposition has occurred (Morris, 1978). The 
Food and Agriculture Organization specifies that fish classified as fresh are of 
acceptable quality for consumption and may be chilled but not preserved in any other 
manner (FAO, 1982). The Food and Drug Administration (FDA) classifies acceptable 
seafood quality as products with little or no decomposition that are suitable for 
consumption (Gecan et al. , 1994). Associations such as the National Fisheries Institute 
desire mandatory seafood inspection to provide more control of seafood quality. 
However, problems arise when establishing inspection standards with the important
question being: "What form of evaluation is acceptable as well as efficient?" 
(Vondruska et al., 1988). An alternative to inspection is the use of hazard analysis 
criteria throughout all stages of handling, processing and storage. Critical Control 
Points are identified as those stages in the product flow where unacceptable risks may 
occur (Gould and Gould, 1988). Implementation of Hazard Analysis Critical Control 
Point (HACCP) programs can be beneficial to the seafood industry by decreasing the 
amount of product lost due to faulty processing and supporting inspection (National 
Oceanic and Atmospheric Administration, 1993).
Since microorganisms are credited with the production of undesirable odors 
during seafood spoilage, microbiological enumeration is often used to indicate the 
degree of spoilage (Alur et al., 1991; Andrews et al., 1977). Generally, decreasing 
sensory acceptance is related to increased microbial growth. The rate of microbial 
decomposition of seafood is a function of the flesh composition, the ability of the 
product’s "skin" to provide a barrier, and postmortem enzyme production (Ward and 
Hackney, 1991). However, microbial enumeration by standard plate count (SPC) is 
neither simple nor rapid. A method used to rapidly determine microbial numbers is 
impedance measurement. The organic electrolytes produced during microbial 
metabolism will increase the conductivity of the medium. Impedance devices measure 
the amount of current passing through the medium, which can be calibrated with SPC 
numbers (Eden and Eden, 1984). Using impedance to detect the production of 
electrolytic products manufactured by microorganisms and endogenous enzymes could 
potentially measure seafood spoilage.
4Standard methods for seafood quality determination measure degradation 
products. Compounds of interest include protein degradation products such as 
putrescine, cadaverine, agmatine, indole, and histamine. The absence of nucleotide 
degradation products such as ATP, ADP, AMP, IMP, adenosine, inosine, 
hypoxanthine, xanthine, and uric acid are also used to indicate acceptable seafood 
quality. The reduced compound, TMA, found in most marine seafood is also used a 
marker for acceptable seafood quality (Hollingworth et al., 1991; Alur et al., 1991). 
Review of the currently available methods indicates that there is no comprehensive 
quality determination method for all species of seafood.
A review of literature confirmed the need for altemat quality determination 
methods and illustrated the dilemma the seafood industry is having with quality 
measurement. Shrimp and catfish, two major products of the Louisiana seafood 
industry were investigated. Literature concerning rigor mortis was reviewed to reveal 
how it can affect quality measurements. Quality measurements currently used in the 
seafood industry are also described in the literature review, thus providing the basis for 
this study.
OBJECTIVES
The goal of this study was to determine the value of impedance for evaluation 
of seafood quality. The main objectives of this study were:
1. To determine the effect of sample dilution and incubation 
temperature on impedance.
2. To compare sensory, psychrotrophic microbial levels, pH, and 
impedance as shrimp quality determinants.
3. To investigate the role of thermal processing on impedance 
detection of shrimp quality.
4. To compare sensory, psychrotrophic microbial levels, pH, 
impedance, and nucleotide degradation compounds as catfish 
quality determinants.
5. To evaluate the impact of rigor mortis and electrical stimulation on 
impedance measurements of catfish.
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REVIEW OF LITERATURE
Seafood Products
Shrim p. Shrimp consumption in the U.S. has increased by 170% in the past 25 years 
(Keithly and Roberts, 1991). This increase in consumption of seafood, and shrimp in 
particular, assists many local or national economies, but presents problems of quality 
and safety. Quality standards for shrimp are lax and should be evaluated since 
increased adulteration of imported shrimp has been documented (McEvily e ta l . , 1991).
Shrimp processors prefer farm-raised shrimp over the sea-harvested variety 
because acceptable product quality can be guaranteed due to scheduled harvesting. 
Consumers prefer sea-harvested shrimp because they are larger and do not possess the 
musty flavor often associated with farm-raised shrimp (Johnsen, 1989; Lovell and 
Broce, 1985). The musty flavor is attributed to two compounds, geosmin (GSM) and
2-methylisobomeol (MIB). Both are metabolites produced by certain species of 
Actinomyceres and blue-green algae, and are two of the most intense odor stimuli to 
man. The presence of GSM and MIB producing microorganisms in shrimp ponds 
occurs mostly in summer and is associated with high concentrations of nutrients found 
in shrimp ponds (Johnsen, 1989; Lovell and Broce, 1985).
Quality measurements in the shrimp industry include pH, sensory analysis, 
microbial enumeration, and various chemical analyses. A correlation between shrimp 
pH and spoilage was identified by Bailey et al. (1956). They reported that with 
shrimp, a pH of 7.7 or less indicated prime quality, pH 7.7 to 7.95 indicated poor but
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acceptable quality, and a pH greater than 7.95 indicated unacceptable quality. Even 
though the shrimp industry still uses pH to appraise quality, various studies have 
refuted the use of pH because it is unreliable and inaccurate (Cobb et al. , 1973; Lovell 
and Broce, 1985). Sensory assessment of shrimp includes odor, degree of melanosis 
(darkening of tail segments indicates spoilage), head fat color (white or brown is 
freshest while yellow or orange indicates spoilage) and head attachment (spoiled shrimp 
heads detach more readily) (Lusco, 1991; McEvily et ah, 1991). Chemical analyses 
normally measure degradation products and will be addressed later in this document.
Uniform standards for shrimp quality should be established due to the global 
nature of the industry. The U.S. imports large quantities of shrimp from other nations 
such as India, China, Taiwan, and the Philippines. Some countries use advanced 
technology to establish standards of quality, while others are primitive in operation and 
have problems with quality and health related matters (Buchanan, 1991). Whether 
shrimp come from farm or sea environments, quality control measures should be 
implemented. Control of shrimp quality through the farm-raising process is simple due 
to the ease of harvest, whereas sea-harvested shrimp encounter fewer control points 
prior to reaching processing facilities. Establishing quality control measures within the 
shrimp industry would provide a consistently higher quality product to the consumer 
and assurance of safety to the regulatory agencies (e.g. FDA) and the consumer. An 
established control measure for raw shrimp should include Hazard Analysis Critical 
Control Point (HACCP) criteria from harvest to postprocessing. Advantages of 
employing HACCP programs in processing facilities are safer products, documentation,
and lower cost from product loss. The disadvantages of employing HACCP programs 
include difficulty of educating nonprofessional food handlers at the processing and 
consumer levels, differences in opinion as to what constitutes a critical control point, 
and acceptance of the HACCP concept by the public and food professionals (Jay, 1992; 
Vondruska et al., 1988).
The incorporation of the seven HACCP principles within the shrimp industry 
would be similar to Table 1 (National Advisory Committee on Microbiological Criteria 
for Foods, 1990). If a HACCP program was implemented for shrimp within a 
processing facility, the critical control points would be unloading, peeling, deveining, 
deheading, re-icing, packaging, and storage (Larusson et al., 1991).
One quality determination technique for shrimp is the measurement of the degree 
of discoloration due to melanosis (blackspot). Melanosis is caused by inherent 
enzymatic activity that increasingly produces insoluble pigments during storage. 
Shrimp acceptability decreases as browning of the surface increases (McEvily et a l., 
1991). Treatment for blackspot is a one minute dip in 1.25% sodium metabisulfite 
solution to inhibit melanosis; however, the duration of dipping time is often lengthened 
past the regulatory 1 min limit to bleach or mask blackspot (McEvily et al., 1991). 
Excessive exposure to the dip solution may cause problems to consumers that are 
hypersensitive to sulfite compounds. An alternate method, developed to avoid sulfite 
compounds, also alleviates adverse reactions to sulfite. This method utilizes a 50 ppm 
4-hexylresorcinol dip for 1 min and is an effective blackspot preventive treatment that
9Table 1. Application of HACCP priniciples to the shrimp industry.
- Identifying hazards (chemical, physical, or microbiological) at any point 
in the flow of shrimp, from harvest to retail.
- Determining control points (places in process where control can be lost) 
and critical control points (control points where loss of control would 
mean a health hazard to the consumer) within the flow of product.
- Establishing critical limits for each critical control point, so that 
deviations from the range would signal a product that is a potential 
hazard.
- Monitoring critical control points so deviations can be identified 
immediately.
- Developing a corrective action plan so if deviations occur, rectification 
can be implemented immediately.
- Establishing recording systems to provide documentation for future 
reference.
- Developing procedures to verify proper application of the program 
(policing the principles).
(National Advisory Committee on Microbiological Criteria for Foods, 1990)
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will not mask previous discoloration. The 4-hexylresorcinol dip has been deemed a 
Generally Recognized as Safe (GRAS) process (McEvily et al., 1991).
Other treatments of shrimp, such as phosphate dips to decrease drip loss, 
normally cause detrimental changes in the textural quality of shrimp. Shrimp texture 
becomes soft and spongy due to muscle swelling resulting in consumer rejection (Webb 
et al., 1975). Henderson et al. (1991) found an alternative drip loss dip using 
bicarbonate treatments. These treatments do not affect microbial growth, melanosis, 
or texture, but only drip loss.
Catfish. Fish consumption in the U.S. has increased because seafood has been 
identified as a "health-conscious" choice. Increases in catfish consumption are also due 
to lower price, since other fish have increased in price as sources are exhausted 
(Avault, 1973; Catfish Inventory, 1992). Southern U.S. states such as Arkansas, 
Mississippi, Louisiana and Alabama have become the leaders in farm raised catfish 
production. Farm raised catfish constitute approximately 90% of the U.S. catfish 
production and appear to have the ability to become a major U.S. food-producing 
industry (Catfish Inventory, 1992; Johnsen, 1989; Lovell, 1991).
Fish have higher initial microbial loads compared with other muscle foods due 
to the higher microbial content of aquatic environments. As the consumption of catfish 
has increased, the risk for foodbome infections has also increased (Tucker and 
Robinson, 1990). The International Commission on Microbiological Specifications for 
Foods (ICMSF, 1986) established standards for microbial numbers on freshwater fish.
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The averages of all samples from a lot cannot be > 1 X 106 CFU/g and if any sample 
from that lot has >  I X  107 CFU/g the entire lot must be deemed unacceptable. 
Andrews et al. (1977) examined 342 frozen and 335 fresh samples (1 lb (0.454 kg) to 
5 lbs (2.270 kg) each) of channel catfish from retail outlets in nine states. Aerobic 
plate counts (APC) were performed on each sample. The results showed APC numbers 
from 6.9 X 103 to 1.9 X 108 CFU/g with an average of approximately 1 X 107 CFU/g. 
These results demonstrated the need for retail outlet monitoring since such high 
microbial numbers are indicative of spoilage and increase the risk of foodbome illness.
Microbial quality also includes bacterial pathogen numbers. Although no 
reported foodborne outbreak of disease has been related to catfish consumption, 
regulatory agencies monitor the industry to maintain safety (Andrews et al., 1977). In 
one study, the enteric pathogen, Edwardsiella tarda, was found in 2% of the catfish 
analyzed (Andrews et al., 1977). This microorganism causes edwardsiellosis, or "fish 
gangrene", with the major symptom being gas-filled lesions in the muscle tissues of 
mature catfish. The catfish mortality rate for this disease is 50%, and those that 
survive are scarred by the lesions. Studies have found this bacterium to be a human 
enteric pathogen of the old, young, and immunocompromised (Wilson et al., 1989). 
Humans can be asymptomatic carriers of this Gram negative motile bacilli. Isolation 
of E. tarda from Panamanian humans and animals who consumed fish from muddy 
waters, established the potential hazard this pathogen possesses (Kourany et al. , 1977). 
The presence of Salmonella in seafood is another concern for humans, since 
salmonellosis accounted for 40% of all reported cases of foodbome disease in the U.S.
in the 1970’s and 80’s (Flowers, 1988). Studies by Andrews et al. (1977) demonstrated 
the presence of 25 different isolates of Salmonella from approximately 700 analyzed 
catfish, which was a 4% rate of occurrence. Aeromonas hydrophila is the causal agent 
of motile aeromonas septicemia in subadult catfish. The disease is difficult to treat and 
destroys more than 50% of the catfish that are infected (Lee, 1991). A. hydrophila also 
has been identified as a human enteric pathogen similar to E. tarda. At the consumer 
level, proper kitchen sanitation and cooking at appropriate temperatures should control 
all the aforementioned pathogens (Andrews et al., 1977).
The musty flavor noted with shrimp from aquaculture has also been found to 
plague farm-raised catfish. This off-flavor is caused by GSM and MIB produced by 
microorganisms endogenous to the ponds (Tucker and Robinson, 1990; Johnsen, 1989). 
Farmers can control this problem by continued feeding and holding fish until off-flavors 
are no longer present. The advantage of holding, however, is outweighed by economic 
disadvantages for the farmer. For example, holding and feeding fish past normal 
harvest disrupts farm economy by increasing the feed conversion ratio (amount of feed 
to amount of weight gain). When holding time is increased, chances for harvest 
destruction by disease increase, and the ponds cannot be restocked for the next harvest 
(Johnsen, 1989).
Unacceptable quality in catfish is rarely seen if farm-raising is combined with 
immediate processing. In cases where catfish quality is questioned, odor analysis and 
microbial surveys are used. Analysis of catfish odor requires individuals trained to 
detect and identify off odors. The Code of Federal Regulations (CFR) (FDA, 1991b)
recommends that an evaluator should break thawed or fresh sections of catfish and 
smell them to identify off odor. Samples are also cooked and analyzed in the same 
fashion. Grades begin with A (most acceptable) and continue to C (minimum 
acceptance level).
Drake et al. (1971) utilized trained panelists to determine the acceptability of 
frozen (-20°C) channel catfish over a 16 month period. The results indicated that fish 
were acceptable after 16 months of storage. They also examined oxidative rancidity 
in catfish using the TBA method. No differences were reported over the 16 month 
period. Due to the low levels of unsaturated fatty acids in catfish, it was concluded that 
catfish are less susceptible to oxidative rancidity than are other fish species.
Reed et al. (1983) measured sensory and microbial attributes of chillpacked 
(-2.2°C) and iced (0°C) channel catfish over a 19 d period. Panelists were trained to 
determine odor and flavor acceptability of catfish. Panelists determined that iced 
samples became unacceptable by day 11 while chillpacked samples remained acceptable 
up to 19 d. Psychrotrophic aerobic plate counts established that chillpacked samples 
maintained lower counts throughout storage with final numbers of 104 CFU/g while 
icepacked samples were > 107 CFU/g by day 19. The study established that 
chillpacking was a better preservation method than icing, and that sensory analysis was 
preferable to microbial enumeration for quality determination.
Increased hypoxanthine concentrations have been used to identify spoilage of 
seafood (Jones et al., 1964; Spinelli et al., 1964; Spinelli, 1967), Beuchat (1973) 
analyzed channel catfish hypoxanthine concentrations via an enzyme-colorimetric
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indicator. The purpose of this study was to determine the efficacy of hypoxanthine 
measurement for quality determination. Hypoxanthine content was compared with 
sensory and microbial evaluations over a 22 d period. The results showed strong 
correlations between the three evaluations and indicated the potential for incorporating 
hypoxanthine analysis into quality control routines. Beuchat (1973) concluded that 
hypoxanthine content could be used as a method for shelf-life prediction.
Rigor Mortis
Rigor mortis, a postmortem muscle stiffening, is caused by permanent 
crossbridge formation between actin and myosin filaments (Pearson, 1986). The cause 
of this crossbridging is adenosine-5’-triphosphate (ATP) depletion. Without ATP to 
relax muscles after contracture, there is permanent actomyosin formation. Increased 
concentrations of Ca2+ ions and declining pH cause muscle contractions (crossbridge 
formation) at a faster rate. One factor that influences actomyosin formation is lactic 
acid production when the anaerobic pathway occurs in muscle tissue (Pearson, 1986). 
Without a circulatory system to recycle lactic acid, it remains in the muscles and 
increases the rate of rigor mortis. In a similar fashion, cold storage in the form of 
refrigeration or freezing prior to rigor will cause cold rigor or thaw rigor, respectively. 
Low temperatures promote release of Ca2+ from mitochondria and saturated 
sarcoplasmic reticulum into the intracellular space increasing the activation of 
crossbridge formation (Pearson, 1986). Premortem stress, hormonal levels, age, and
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health of the animal also are factors in rigor mortis development (Judge et al., 1991; 
Pearson, 1986; Watabe et a l ,  1989).
Measurements of rigor mortis include analysis of nucleotide degradation 
compounds (Calkins et al., 1982; Khan and Frey, 1971), creatine phosphate (Calkins 
et a l., 1982; Iwamoto et a l., 1988), shear and punch force (Watabe et a l., 1990), and 
rigor indices (Iwamoto et al., 1987). ATP and creatine phosphate measurements are 
the best methods to define the exact point of rigor onset, completion, and resolution 
since their complete depletion correlates with peak rigor mortis (Khan and Frey, 1971; 
Calkins et a l ,  1982). Measurements of muscle shortening or stiffening are simple 
methods for identifying general rigor mortis (Iwamoto et a l., 1987). While pH analysis 
can be used to identify increased lactic acid production and identify an approximation 
of rigor, factors such as stress and temperature adversely affect this method since they 
deplete glycogen, the precursor for lactic acid (Iwamoto et al., 1987; Judge et al., 
1991; Khan and Frey, 1971; Pearson, 1986; Watabe et a l., 1989). Another factor that 
affects rigor mortis is muscle stimulation with electricity (Calkins et al., 1982). 
Electrical stimulation causes muscles to rapidly enter rigor mortis and then resolution 
at a faster rate (Calkins et a l., 1982). Electrical stimulation also produces more rapid 
catabolism of nucleotides and reducing sugars. After beef or pork is stored refrigerated 
for 1 week, variations between electrically stimulated (ES) and non-stimulated (NS) 
samples are unnoticeable. Rigor mortis has been shown to affect measurements of 
nucleotides, creatine phosphate, and pH, all of which are used in some way to 
determine seafood quality (Calkins et al., 1982; Bailey et al., 1956).
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Sensory Analysis
Sensory analysis is one of the oldest methods for judging seafood quality. 
Although fairly accurate, it requires trained, experienced panelists to attain precision. 
General factors considered in sensory evaluation include color, appearance, odor of raw 
and/or cooked product, flavor, and texture (mouth feel). Even though sensory 
evaluations are classified as subjective, much effort has been made to justify them as 
objective. Some researchers have argued that properly trained panelists can be 
identified as objective analysts because both their sensitivity and specificity is 
repeatable, regardless of sample variation (Trant et al., 1981; Pangbom, 1989; 
Larmond, 1987).
Alur et al. (1991) demonstrated that quality assessment of seafood products is 
based upon the presence or absence of putrefied odor. Various researchers have used 
sensory evaluations as standards for comparison with other seafood quality 
determination methods (Perez-Villarreal and Howgate, 1987; Hollingsworth et al., 
1991; Luong et al., 1991). Evaluators who were experienced in sensory analysis of 
fish examined the odor of iced European hake (Merluccius merluccius) in the raw, 
headless, fillet form (Perez-Villarreal and Howgate, 1987). Microbial numbers and 
chemical evaluations were compared with odor scores. Evaluation of odor was found 
to be the simplest and most accurate measurement of hake quality (Perez-Villarreal and 
Howgate, 1987).
Hollingworth et al. (1991) compared sensory with microbial and chemical 
measurements to evaluate product quality. They had a panel of four trained sensory
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evaluators examine odor to determine deterioration of vacuum packed, pasteurized, 
flaked imitation crab meat (a surimi based product) over time. Higher storage 
temperatures (up to 22 °C) and longer storage times (up to 70 d), resulted in the 
production of unacceptable odors.
Cheuk et al. (1979) developed a unique sensory evaluation method for shrimp 
where samples of brown and pink shrimp were sealed in closed plastic bags, which 
were then heated in boiling water. It was assumed that all volatile gases, odors, and 
flavors would be trapped in the bag. Trained panelists opened the bags and evaluated 
samples for odor, flavor, juiciness, and desirability. They found that quality by sensory 
evaluation decreased over a 20 d period. This decrease in quality was especially 
noticeable after the sixth day, for both brown and pink shrimp.
Luong et al. (1991) evaluated the quality of Pacific herring, Pacific cod, and 
Sockeye salmon. A sensory panel of 10 trained individuals examined texture, 
appearance, and odor of the raw fish, and the flavor of the cooked fish. Samples were 
rated 1 to 10, with 1 being the "worst" or spoiled, and 10 being "best" or freshest. 
Samples stored at temperatures above 5°C were less acceptable. Luong et al. (1991) 
also compared sensory evaluation with the measurement of nucleotide degradation 
compounds and found that sensory studies accurately identified spoilage in all three 
species, whereas nucleotide analysis was accurate for only Pacific herring and Sockeye 
salmon. Measurement of Pacific cod nucleotides indicated the fish were spoiled before 
the second day of refrigeration which did not correlate with sensory results.
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Generally, sensory analysis is used to determine acceptable quality of cooked 
items (Pangborn, 1989; Trant et al., 1981). Many methods developed for 
microbiological and chemical analyses are standardized against sensory analysis for raw 
and cooked items, which gives much credence to this method (Hollingworth et ah, 
1991; Luong et al., 1991; Perez-Villarreal and Howgate, 1987; Trant et al., 1981).
Microbiological Analysis
Microbial methods to measure seafood quality vary with the predominant 
spoilage microorganisms. A listing of the predominant bacterial flora of various species 
of fish and crustaceans is found in Table 2. Total viable counts, an H2S producing 
bacteria test, and a Pseudomonas count of European Hake (Merluccius merluccius) 
showed Gram negative psychrotrophic microorganisms as the predominant cause of 
spoilage (Perez-Villarreal and Howgate, 1987). Pseudomonads, especially H2S 
producing species, are thought to cause the major off-flavors and odors associated with 
spoiled fish (Perez-Villarreal and Howgate, 1987).
For shrimp spoilage, Gram negative, psychrotrophic bacteria (Pseudomonas, 
MoraxellalAcinetobacter) are the most dominant genera found (Liston, 1980; Nickelson 
and Vanderzant, 1976). Gram negative spoilage bacteria, naturally present in cold 
waters, are prevalent on shrimp harvested from these waters. Alaskan Pandalid shrimp 
species spoil more rapidly than warm water shrimp possibly due to "preinoculation" 
with active psychrotrophic spoilers (Matches 1982). Matches (1982) found that with 
an increase in storage temperature (from 5.6°C to 16.7°C), the predominant spoilage
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Table 2. The bacterial flora of various fish and crustaceans.
Product Genus
Freshwater Achromobacter
crayfish Alcaligenes
(Procambarus Flavobacterium
clarkii) Pseudomonas
Staphylococcus
Pacific Moraxella
shrimp Pseudomonas
(Pandalus Acinetobacter
jordani) Flavobacterium
Gulf Coast Vibrio
shrimp, white Pseudomonas
(Penaeus Moraxella
setiferis) Acinetobacter
and brown Flavobacterium
(Penaeus Achromobacter
aztecus) Corynebacterium
Staphylococcus
Micrococcus
Bacillus
Channel Flavobacterium
catfish Acinetobacter
(lctalurus Aeromonas
punctarus) Pseudomonas
Herring Alteromonas
fillets 
(Clupea 
harengus)
Pseudomonas
Reference
Cox and
Lovell,
1973
Lee and
Pfeifer,
1977
Cobb et al. 
1976
Tucker and 
Robinson, 1990
Molin and 
Stenstrom, 1984
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bacteria genera changed from Pseudomonas to Moraxella on cold water shrimp. At 
even higher temperatures, Proteus species dominated. Warm water shrimp microflora 
are composed of approximately 92% Pseudomonas spp. in contrast to 67% of cold 
water shrimp microflora (Matches 1982).
Cox and Lovell (1973) identified the predominant spoilage bacteria of peeled 
freshwater crawfish meat using both microbial and sensory evaluations. They initially 
isolated various bacteria species from crawfish tailmeat retrieved from processing lines. 
Tailmeat was then homogenized by blending, and sterilized in tubes by autoclaving. 
Bacteria previously isolated were then inoculated into the sterile sample tubes and 
stored at various temperatures for odor evaluation at 7 or 14 days. An experienced 
panel of three judges evaluated odor of the crawfish samples. Samples were rated on 
a scale from 0 to 3 against a sterile control with no unfavorable odor. A value of 3 
denoted no difference, 2 meant a small difference, 1 suggested a distinguishable 
difference, and 0 meant a very distinguishable difference. By this method, a 
microorganism was classified as a non-spoiler, a slow spoiler, or a rapid spoiler. The 
genera Pseudomonas and Achromobacter contained the most species identified as rapid 
spoilers and slow spoilers. Respectively, the highest number of non-spoiling species 
belonged to the genera Achromobacter and Alcaligenes (Cox and Lovell, 1973).
Microbial enumeration of vacuum packaged, flaked, imitation crab meat was 
performed using various methods by Hollingworth et al. (1991). These included 
standard aerobic plate count (APC), proteolytic count (PC), yeast and mold count, most 
probable number (MPN) coliform enumeration, an iron milk MPN for Clostridium
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perfringens, and an identification of various pathogens. They further characterized 
bacterial isolates by randomly choosing colonies from the APC plates and testing for 
motility, the Gram reaction, and species identification. APC numbers increased to 107 
CFU/g by 4 d for samples stored at 22°C while samples stored at 4 and 10°C remained 
at 102 CFU/g for 64 d. PC and APC counts were identical, implying that proteolytic 
species were predominantly responsible for spoilage of the vacuum packaged, surimi 
based product. Numbers of aerobic psychrotrophic spoilage bacteria decreased due to 
heat processing, thorough washing, low storage temperatures, and low oxygen content. 
The flora was composed of mostly facultative anaerobes. The only potential human 
pathogen isolate was Bacillus cereus. They found that sensory evaluation was the most 
adequate measurement of quality, and that microbial enumeration was inadequate for 
assessing product quality and shelf-life.
An advantage of utilizing microbial techniques for measuring quality is the 
identification of the major causative microorganisms that produce off odors and flavors 
resulting in sensory rejection of products. Rapid microbial enumeration methods can 
thus confirm sensory evaluation and predict product shelf-life (Cobb et al. , 1977). The 
requirement of trained technicians, large amounts of equipment, glassware, supplies, 
and excessive time necessary to achieve interpretive results are the major disadvantages 
of bacteriological examination and enumeration. For example, psychrotrophic 
enumerations require approximately 7 days for incubation, yielding results long after 
the product has spoiled.
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Chemical Analysis
Total Volatile Indicators. Chemical indicators commonly used for evaluating seafood 
quality include total volatile acids (TVA), total volatile bases (TVB), cadaverine, 
putrescine and histamine. Of these, TV A and TVB are considered the best indicators 
of seafood decomposition (Hollingworth et a l., 1991; Alur eta l., 1991; Perez-Villarreal 
and Howgate, 1987). In most reviewed studies, quality was evaluated over long 
periods of time which may not be applicable for normal practice. For example, 
Hollingworth et al. (1991) stored vacuum packed, pasteurized, flaked imitation 
crabmeat 70 days before high enough concentrations of TV A and TVB accumulated for 
measurement. TV A and TVB proved to be good indicators of imitation crabmeat 
decomposition when stored at 22°C; however, they were inadequate indicators at lower 
storage temperatures since the product spoiled without sufficient accumulation of TV A 
or TVB (Hollingworth et al. , 1991).
Indole Production. Indole, produced from tryptophan by bacteria, is a chemical 
indicator of shrimp decomposition (Smith et al., 1984). Flavobacterium, Proteus, 
Aeromonas, and Yersinia are known to produce indole in shrimp. Most bacteria that 
produce indole are psychrotrophic and not proteolytic, except for Proteus and 
Aeromonas (Smith et al., 1984). The non-proteolytic genera cannot produce indole 
until proteolytic microorganisms first release the amino acid tryptophan from the 
proteins (Chang et al., 1983). Since most proteolytic species are mesophilic, 
refrigerated storage temperatures will decrease the production of indole, even though
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decomposition is ongoing. If temperature abuse has not occurred, decomposing shrimp 
stored at low temperatures will not produce the minimal amount of indole (25 fig 
indole/100 g tissue) necessary to deem the product unacceptable by FDA standards 
(Food and Drug Administration, 1981).
Methods of measuring indole include high performance liquid chromatography 
(HPLC), gas-liquid chromatography (GLC), and spectrofluorometric analyses. The 
Association of Official Analytical Chemists (AOAC) collaborated with numerous 
laboratories to evaluate these methods (AOAC, 1984) and recognized the HPLC method 
as an acceptable standard for testing for the presence of indole in shrimp. It is more 
accurate and requires less preparation than GLC or spectrofluorometric techniques 
(Chambers and Staruszkiewicz, 1981).
The major advantage of using indole as a quality measurement of shrimp is that 
it is heat stable and insoluble in water and therefore can be used to evaluate the quality 
of cooked products. Although presence of the compound is inaccurate for indicating 
spoilage of chilled shrimp, it can be used to identify temperature abuse (Chang et al. , 
1983 and Smith et al., 1984).
Trimethylamine. Trimethylamine (TMA) is another compound used as a spoilage 
indicator for marine fish and shellfish. TMA is associated with the fishy odor that 
occurs with improperly stored fish products and is produced by bacterial reduction of 
trimethylamine oxide (TMAO) (Table 3) (Barrett and Kwan, 1985). The function of 
TMAO in the tissue and blood of marine fish is to balance osmotic pressure
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Table 3. Bacteria that reduce trimethylamine oxide to  trim ethylam ine.
Genus References
Achromobacter Miller e ta l.,  1973; Watson, 1939;
Wood and Keeping, 1944
Alcaligenes Wood and Keeping, 1944
Alteromonas Miller et a l., 1973
Bacillus Wood and Keeping, 1944
Campylobacter Barrett and Kwan, 1985; Wood and
Keeping, 1944
Clostridium Barrett and Kwan, 1985; Wood and
Keeping, 1944
Corynebacterium Barrett and Kwan, 1985
Flavobacterium Barrett and Kwan, 1985; Wood and
Keeping, 1944
Micrococcus Barrett and Kwan, 1985; Wood and
Keeping, 1944
Photobacterium Barrett and Kwan, 1985
Pseudomonas Miller et al., 1973; Wood and
Keeping, 1944
Phodopseudomonas Barrett and Kwan, 1985
Phodospirillium Barrett and Kwan, 1985
Vibrio Barrett and Kwan, 1985; Wood and
Keeping, 1944
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(Black, 1957). The origin of TMAO in these animal tissues is unknown, although 
there are severed theories. The most accepted theory is that TMA is found in various 
types of marine algae with fish and shellfish consuming the algae and producing TMAO 
within their own systems. The presence of TMAO in sharks is likely due to a diet of 
marine fish that consume the algae (Beatty, 1939). Marine fish, shellfish, and sharks 
are all known to contain TMAO at levels up to 1 % of the wet weight of their tissues. 
Beatty and Gibbons (1937) determined that freshwater fish contain negligible amounts 
of TMAO due to consumption of freshwater algae that lack TMA.
TMA values correlated with increased bacterial counts during spoilage of some 
marine fish (Beatty and Gibbons, 1937; Notevarp, 1943). Higher storage temperature 
of marine fish also resulted in increased TMA production. Watson (1939) established 
that TMAO reduction to TMA facilitates anaerobic growth of bacteria. Beatty and 
Gibbons (1937), and Watson (1939) proposed using measurement of TMA as a method 
to evaluate marine fish quality. Different threshold spoilage TMA values of 0.015 mg 
TMA/g (Bailey et al., 1956), 0.1 mg TMA/g (Notevarp, 1943), and 5 mg TMA/g 
(Montgomery, 1956) were established. The variations may have occurred since other 
similar degradation compounds such as dimethylamine (DMA) and various aldehydes 
react with TMA indicators.
Chemical structures of TMAO and TMA and the metabolic pathways relating 
TMAO and TMA are depicted in Figure 1 (Barrett and Kwan, 1985). Bacteria that 
reduce TMAO to TMA (via TMAO reductase) cannot degrade TMA and are unable to 
use TMA as either a carbon or nitrogen donor and will take precedence over
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FIGURE 1. The chemical structures of trimethylamine oxide and
trimethylamine, and the various metabolic pathways 
involving both (TMAO= trimethylamine oxide,
TMA = trimethylamine, DMA=dimethylamine,
MMA = monomethylamine, NH3= ammonia, F A = formaldehyde, 
a = action of methylotrophic bacteria, b=action of methylotrophic 
bacteria that do not use TMAO, c=action of bacteria 
that reduce TMAO, d=action of bacteria that oxidize TMA).
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demethylating bacteria. Bacteria that oxidize TMA to TMAO will demethylate TMAO 
to dimethylamine (DMA) and then to monomethylamine (MMA) or even to ammonia 
(NH3) (Barrett and Kwan, 1985). Various biological systems that oxidize TMA are 
listed in Table 4 together with three bacteria that demethylate and oxidize TMA.
Bacterial growth occurs in fish tissue soon after resolution of rigor, often within 
1 to 6 hours postmortem (Judge et al., 1989). In contrast, TMA formation normally 
occurs after 1 to 3 days (Connell, 1969). Dingle and Hines (1975) found storage at low 
temperatures produced a lag period in TMA formation, and temperatures below 0°C 
completely inhibited formation of TMA. This lag phase in the development of TMA 
was demonstrated by various researchers who compared TMA and sensory 
measurements of shrimp (Bethea and Ambrose, 1962), scallops (Waters, 1964), and 
capelin (Shaw and Botta, 1975). Each of these foods exhibited significant increases in 
concentrations of TMA (>  10 mg TMA/100 g sample) occurring after sensory studies 
had demonstrated that the products were unacceptable for consumption. Thus TMA 
was not applicable for quality determination of all seafood products.
Since reduction of TMAO to TMA occurs at a negligible rate in frozen products 
and the enzyme TMAO reductase is not heat stable, analysis of TMA content of frozen 
and thermally processed fish will not yield an accurate indication of quality (Tokunaga, 
1975; Easter et al., 1983). However, quantification of dimethylamine (DMA) is a 
reliable method to determine the degree of spoilage in both cases. DMA and 
formaldehyde (FA) are produced simultaneously when methylotrophs demethylate 
TMAO or TMA. Formaldehyde denatures myofibrillar proteins resulting in tough flesh
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Table 4. Sources that oxidize trimethylamine to trimethylamine oxide.
Source
rat liver enzymes
marine fish
zooplankton
Bacteria
Bacillus spp.
Pseudomonas aminovorans 
Hophomicrobium spp.
Reference
Norris and Benoit, 1945 
Beatty, 1939 
Barrett and Kwan, 1985
Barrett and Kwan, 1985 
Large et al. 1972 
Barrett and Kwan, 1985
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and an unacceptable texture (Crawford et al., 1979). Castell et al. (1973) found that 
FA was unstable but DMA was easily analyzed as an index of quality of gadoid fish 
products that were either heat-treated or frozen. The Gadidae (whitefish, cod, and 
haddock) family contains the only species that accumulate DMA in significant amounts 
to be utilized as a spoilage indicator (Castell et al., 1973).
Boland and Paige (1971) established a spectrophotometric procedure for the 
determination of TMA in fish. This method has several disadvantages including using 
picric acid which reacts with interfering primary, secondary, and tertiary amines, the 
inherent dangers of using picric acid are detonation in the dry state, and considerable 
time and effort required to perform the analysis (Wong et al., 1988; Ohashi et al., 
1991b).
Many researchers have attempted to simplify or develop an alternative to the 
method of Boland and Paige. The procedure developed by Wong et al. (1988) 
incorporated a test strip for semiquantitive determination of TMA in fish. This method 
compared colored strips (containing TMA dehydrogenase) against references of 
acceptable quality and allowed for rapid, reproducible determinations of seafood quality 
within five minutes. It was noted that traditional spectrophotometric procedures 
correlated with this procedure. Ohashi et al. (1991b) utilized a gas sensor to detect 
products of TMAO reduction, where the gas sensor was incorporated with an element 
composed of ln20 3 (Diindium Trioxide) and treated with MgO (Magnesium Oxide). 
The method utilizing the gas sensor compared favorably with conventional sensory and 
spectrophotometric procedures. The TMA dehydrogenase test strip was better than the
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gas sensor. The test strip was more accurate than the gas sensor (within 0.2 ng range 
as compared with gas sensor accuracy of 3 mg), more rapid (requiring less than 5 min 
total analysis time compared with more than 3 h for the gas sensor), portable (only 
small strips of paper are required), specific for TMA (the gas sensor had interference 
from DMA, MM A and ammonia) and reproducible (reproducible results were difficult 
as reported by Ohashi et al. (1991b)).
Nucleotides/Nucleosides. Innovative methods for determining quality measure the 
compounds formed during nucleotide degradation. The nucleotide degradation pathway 
found in most fish tissue is shown in Figure 2 (Karube et al., 1984; Isono, 1990). The 
first four reactions leading to the production of inosine are slow and result from 
endogenous enzyme action; whereas the oxidation of hypoxanthine to uric acid is rapid 
and is attributed to bacterial enzymatic activity (Ward and Hackney, 1991).
An index referred to as K-value measures nucleotide degradation as an indicator 
of quality. The K-value equation is:
HxR +  Hx
K(%)= --------------------------------------------------------------- X 100 (1)
ATP +  ADP +  AMP +  IMP +  HxR +  Hx
(ATP = adenosine-5’-triphosphate, ADP =  adenosine-5’-diphosphate, AMP =  
adenosine-5’-monophosphate, IMP =  inosine-5’-monophosphate, HxR =  inosine, Hx 
= hypoxanthine). Isono (1990) defined the K-value as "the rate of the sum of inosine 
and hypoxanthine to that of adenosine-5’-triphosphate and its breakdown products." 
K-value is considered a standard indicator of fish quality, especially by the Japanese
FIGURE 2.
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The nucleotide degradation pathway used for 
freshness measurement (ATP=adenosine-5’- 
triphosphate, ADP= adenosine-5 ’ -diphosphate, 
AMP= adenosine-5’-monophosphate, IM P= 
inosine-5 ’ -monophosphate.
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fish industry (Isono, 1990; Saito and Arai, 1959; Ohashi et al., 1991b). The 
importance of K-value is the inclusion of degradation compounds that are intermediate 
and end products of the sequence, thus accounting for all stages of nucleotide 
degradation (Boyle et a l., 1991).
Another index similar to K-value and used in much the same way is the 
K,-value. Fewer nucleotide degradation products are used for calculations and its use 
is associated with fish that accumulate more hypoxanthine than inosine postmortem 
(Greene et al., 1990). The K, value equation is:
HxR +  Hx
K ,(% )= ---------------------------- X 100 (2)
IMP +  HxR +  Hx
(Karube et a l., 1984; Isono, 1990; Greene et al., 1990; Boyle et al., 1991).
The nucleotide degradation products that compose K- and Revalues can be 
measured by high performance liquid chromatography (HPLC) (Greene et al., 1990), 
simplified column chromatography (Luong et al., 1991), enzymatic measurement with 
a colorimetric indicator, and an enzyme sensor system or an oxygen electrode (Karube 
et a l., 1984; Isono, 1990). Each method requires trained technicians and is not suitable 
for routine examinations in a quality control laboratory due to long analysis time and 
extensive equipment requirements. Luong et al. (1991) examined various procedures 
for K-value measurements and concluded that HPLC methods were more accurate and 
repeatable.
K- and K,-values are specific to the type of fish analyzed. Some species 
accumulate hypoxanthine while others accumulate inosine (Table 5), raising questions
Table 5. Fish that acccumulate hypoxanthine or inosine.
Hypoxanthine
Haddock 
Melanogrammus aeglefinus 
Lemon sole 
Achinus lineanis 
Plaice
Hippoglossoides platessoides 
Cod 
Gadus morh.ua 
English sole 
Parophrys vetulus 
Petrale sole 
Eopseaa jordani 
Ocean perch 
Phanerodon furcatus 
White flounder 
Pseudopleuronecies americanus 
Channel catfish 
Icialurus punctacus
Inosine
Halibut 
Hippoglossus hippoglossus 
Salmon 
Oncorhynchus nerka 
Yellowtail 
Limanda probscidea 
Australian 
Tropical 
Fish
Argyropis spinifer 
Diagramma picmm  
Lurjanus vittus 
Nemipcerus farcosus
Reference
Jones et a l., 1964
Jones et al., 1964 
Jones et al., 1964 
Jones et al., 1964 
Spinelli et al., 1964 
Spinelli et al., 1964 
Spinelli et al., 1964 
Dingle and Hines, 1975 
Beuchat, 1973
Reference
Spinelli, 1967
Kim, 1986
Murata and Sakaguchi, 1986 
Bremner et al., 1988
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as to which method is more appropriate (Greene et al., 1990). The K-value can be 
utilized for species specified for K-value, but not vice versa. This is due to the 
specificity of K,-value for hypoxanthine and not the total sum of degradation products 
required with K-value (Greene et al., 1990).
Boyle et al. (1991) demonstrated that higher storage temperature (10°C 
compared with 2 and 5°C) produced increased K-values. This was due to endogenous 
enzymes and spoilage microorganisms becoming more active with increasing 
temperature. The study also indicated that lower K-values were observed with samples 
that were initially rapidly frozen to inhibit enzyme activity.
Measurement of three enzymes, nucleoside oxidase, nucleoside phosphorylase, 
and alkaline phosphatase, was utilized by Isono (1990) to drastically reduce the time to 
determine K,-values. The latter two enzymes produce inosine from hypoxanthine in the 
presence of ribose-1-phosphate and hydrolyze inosine monophosphate to inosine, 
respectively. Nucleoside oxidase was the key component of this procedure because it 
increases oxidation reactions of nucleotides in the absence of exogenous cofactors and 
catalyzes oxidative coupling of phenolic compounds and 4-aminoantipyrine to produce 
different color intensities that could be measured and correlated with the proportion of 
nucleosides (inosine) oxidized. The three measurements performed were for the amount 
of inosine, the amount of inosine-5’-monophosphate hydrolyzed (minus inosine), and 
the amount of hypoxanthine oxidized (minus inosine). The method was rapid 
(approximately 10 min), but required technicians trained to monitor reactions and 
prepare appropriate samples and reagents (Isono, 1990).
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Luong et al. (1991) proposed the use of enzymes similar to those used by Isono 
to measure K,-values as efficiently but more rapidly than HPLC methods. Instead of 
catalyzing nucleosides with 4-aminoantipyrine, a polarographic electrode was used to 
measure amounts of inosine in deteriorating fish muscle. The procedure was accurate 
and correlated highly with both HPLC and sensory evaluation. The method was 
simpler than HPLC methods but still had the same restraints as the method of Isono 
(Luong et a l , 1991).
Numerous reports have confirmed a high correlation between K-values and 
sensory evaluation of fish products (Perez-Villarreal and Howgate, 1987; Isono, 1990; 
Luong et al., 1991; Watanabe et al., 1987). Prolonged storage for 18 d (Perez- 
Villarreal and Howgate, 1987), 20 d (Luong et al., 1991), and 21 d (Beuchat, 1973) 
was necessary to achieve correlations between K-values and sensory values. K-values 
are subject to variation and are not considered reliable for samples stored for less than 
5 d (Luong et a l., 1991). Other disadvantages of this method include low sensitivity 
during initial storage periods and difficulty implementing the method in a quality 
assurance laboratory (Luong et al., 1991). Ohashi et al. (1991a) demonstrated an 
inability to obtain accurate K-values when evaluating cod and squid. When fresh, these 
products yielded K-value readings indicative of spoilage. The best method for 
determining squid quality was measuring the amount of the polyamine agmatine, which 
increased with decreased acceptable quality. The researchers suggested that an alternate 
form of K-value should be developed to take into account the rapid ATP degradation 
found with cod nucleotide analysis.
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Inconsistent K-values are obtained from shrimp because of an alternate ATP 
degradation pathway (Figure 3) (Flick and Lovell, 1972; Ward and Hackney, 1991). 
AMP normally loses NH3 and becomes IMP, thereafter undergoing dephosphorylation 
to become inosine. Alternatively, AMP can be dephosphorylated to become adenosine 
and then deaminated to become inosine (Cheuk et ah, 1979). Stone (1971) 
demonstrated that Alaskan shrimp possessed more active AMP deaminase and 
accumulated more IMP than Gulf Coast shrimp (Flick and Lovell, 1972). Gulf Coast 
shrimp had more active adenosine deaminase and accumulated more adenosine than 
Alaskan shrimp. This rendered K-values ineffective for analysis of shrimp since 
adenosine accumulation was not quantified.
Ammonia. Evaluation of seafood product quality, including use of the K-value, often 
focuses upon detection of ammonia or its precursors produced by enzymes associated 
with microbial action or degradation of tissue. Adenosine deaminase and AMP 
deaminase are present in white shrimp tail meat. Cheuk et al. (1979) determined that 
the amount of ammonia produced by these enzymes in shrimp tail meat represented 
over 50% of total ammonia production occurring during spoilage. Cheuk et al. (1979) 
applied an enzyme assay to measure deaminase activity in place of K-values. The assay 
used measurements of optical density and showed strong correlation with sensory 
values, but was only applicable to shrimp since significant levels of these enzymes had 
only been detected in shrimp tails.
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FIGURE 3. An alternative nucleotide degradation pathway found in shrimp
(ATP = adenosine-5 ’-triphosphate, ADP =  adenosine-5  ’- 
diphosphate, AM P= adenosine-5 ’ -monophosphate, IM P= inosine- 
5 ’ -monophosphate).
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3iPhosphorus-Nuclear Magnetic Resonance. A recently developed method to evaluate 
the postmortem quality of fish utilized 31Phosphorus-Nuclear Magnetic Resonance 
(31P-NMR) (Chiba et al., 1991). The method examined changes in concentrations of 
phosphocreatine and its degradation compounds. The procedure reflected changes 
occurring within a few hours of death, in contrast to the K-value that only provides 
accurate measurements several days after harvest. Unfortunately, 31P-NMR requires 
elaborate equipment and highly trained technicians to provide reliable results (Chiba et 
al., 1991).
Vitreous H um or. Studies conducted by McLaughlin and McLaughlin (1986) 
investigated chemical changes in vitreous humor (eye fluid) to estimate postmortem time 
in horses, dogs, cattle, and swine. Concentrations of electrolytes including sodium, 
chloride, phosphorus, potassium, urea nitrogen, calcium, creatine, and magnesium in 
vitreous humor correlated with known time duration between sampling and time of 
death. All electrolytes, except sodium, significantly increased with longer storage time 
and higher storage temperature. This procedure is time consuming, delicate, and 
requires special precautions to ensure accurate and reproducible results and is therefore 
not practical to use with seafood because of small eye volume (McLaughlin and 
McLaughlin, 1986, 1987, 1988; Schoning and Strafuss, 1980).
Oxidative Rancidity. Fresh fish products are subject to extreme variations in 
development of oxidative rancidity depending on unsaturated fat content (Love, 1957).
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Autoxidation proceeds at different rates as oxidative rancidity and microbial growth 
compete for common substrates. The activity of these competing degradative processes 
are inversely related and tend to be mutually self regulating (Martin et al., 1978).
Measurements of oxidative rancidity are used to determine product acceptability 
with many types of animal tissue. There are two procedures specifically used to 
measure oxidative rancidity with seafood (Regenstein and Regenstein, 1992). One 
procedure is the 2-thiobarbituric acid (TEA) assay. Products from oxidative rancidity, 
including malonaldehyde, react with TBA to provide a color change. The intensity of 
this change correlates with increased oxidation (Pomeranz and Meloan, 1987), although 
advanced stages of oxidation provide false results because malonaldehyde concentrations 
are reduced by reactions with proteins and proteolytic products, sucrose, and 
compounds from woodsmoke (Cheftel et al., 1985). Another method used to analyze 
oxidative rancidity of seafood is the peroxide value (PV) (Martin et al., 1978; 
Regenstein and Regenstein, 1992). The PV measures primary oxidation compounds in 
milliequivalents of peroxide-oxygen per kilogram fat. False values that occur with PV 
measurements are due to temperature fluctuations and the reaction of peroxide with 
antioxidants (Cheftel et al., 1985).
Drake et al. (1971) reported that channel catfish have lower levels of unsaturated 
fat than most fish species thus creating inconsistencies in using TBA or PV as methods 
to determine catfish quality. Due to large differences within and between species, these 
methodologies are not generally suitable for determination of seafood quality (Martin 
e ta l.,  1978).
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Impedance Technology
Initial use of impedance centered on the conductive potential of microbial 
metabolic products. Conductance was the initial electrical measurement used in 
microbiology due to its similarity with standard growth curves (Allison et al., 1938). 
As microorganisms grow, their metabolic products increase the conductivity of a 
medium. Eden and Eden (1984) cited a study by Stewart (1899) in which the 
conductivity of putrefying defibrinated blood increased over time. In another case, 
clinical microbiologists used impedance to detect urinary tract infections in half the time 
of standard methods (Wheeler and Goldschmidt, 1975).
Impedance is a function of conductance, capacitance, and applied frequency 
(Eden and Eden, 1984). Application of this concept is shown in the equation:
Z2 =  (1/G)2 +  (1/2 fxC)2 (3)
where Z = impedance, G =  conductance, f  =  frequency, and C = capacitance. Any 
increase in either conductance or capacitance will decrease impedance. The basic 
concept is that conductance is the reciprocal of resistance, so when resistance decreases, 
conductance increases. A factor that decreases resistance in biological media is 
increased temperature. Higher temperatures will increase conductivity. An increase 
in the number of charged compounds, especially smaller mobile ones that easily carry 
charge, results in an increase in conductance or a decrease in the resistance of current 
flow through a solution. When a neutral compound, such as lactose, is degraded to a 
charged, smaller, more mobile compound, lactic acid is produced allowing an electrical 
current to be carried more easily. Thus, as the concentration of charged compounds
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increases, an increase in conductance will occur (Allison et al. , 1938). This implies 
that the substance being measured is a dielectric and is responsible for either the 
prevention or promotion of current flow. Thus, as conductance increases, impedance 
decreases. To make results more easily understood, impedance measurements are 
plotted inversely and mimic traditional microbial growth curves (Eden and Eden, 1984).
However, Allison et al. (1938) demonstrated there was not a perfect correlation 
between metabolic activity and conductance measurements due to the interactive 
buffering effects of various metabolic compounds. They found correlations between 
increases in conductivity of a growth medium containing bacteria and increases in 
ammonia production by those bacteria. The researchers reported that with proteolysis 
there were increases in conductivity due to free acids from carboxyl groups. Further 
study demonstrated that liberated amino groups would cause decreases in conductivity 
due to basic groups binding to the free acid. Allison et al. (1938) cited Sierakowski 
and Leczyeka (1933) who stated that even though there could be some relationship 
between metabolic activity and electrical conductivity, the cause may not always be 
identified.
Standard procedures for the microbiological examination of foods have had to 
be reevaluated for use with impedance. Impedance microbiological analyses of foods 
often utilize the preparatory procedures and media used in standard plate counts (SPC) 
(Speck, 1992). Instead of plating samples on petri plates, they are inoculated into wells 
of a sampling unit (module) containing the same basic medium. Each well of the 
module has an anode and cathode electrode through which current is passed. Cycles
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of current are passed through each well and impedance readings are taken. After a 
number of cycles, averages of the readings are displayed. Impedance changes are 
identified when concentration of microorganisms reach threshold levels (normally 104 
to 107 CFU/mL) (Hardy et al., 1977). To develop calibration curves necessary for 
associating specific microbial numbers with changes in impedance, impedance analysis 
and SPC must be performed simultaneously. Standard curves are then developed for 
a particular genus or species of microorganism growing in a specific medium (Martins 
and Selby, 1980; Firstenberg-Eden, 1983; Hardy et al., 1977; Gnan and Luedecke, 
1982). Researchers have found impedance techniques simpler than SPC since samples 
are easier to prepare, and detection is more rapid (from 48 h for SPC down to 6 h for 
impedance). It is as reliable as SPC (Gnan and Luedecke, 1982). Some have expanded 
its use into the detection and enumeration of food pathogens and indicator organisms 
(Martins and Selby, 1980; Ogden, 1990; Phillips and Griffiths, 1989; Smith et ah, 
1989).
Martins and Selby (1980) designed an impedance method for the quantitative 
estimation of coliforms in ground meat. The medium was developed to amplify 
coliform impedimetric response by addition of certain amino acids and phosphates. The 
antibiotic novobiocin and a pH of 6.3 inhibited non-coliform microorganisms. They 
found that media utilizing selective agents could extend the ability of impedance 
methods to identify and enumerate specific bacteria.
Smith et al. (1989) developed a medium for the detection of Salmonella spp. in 
animal feeds. Consideration of initial numbers, resuscitation of injured cells, and
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differentiation between Salmonella and other bacteria made medium development 
difficult. Conventional methods utilizing selective and differential agents in conjunction 
with resuscitation were adapted for impedance analysis. Results demonstrated that 
impedance techniques cost less (preparatory materials), were more rapid (taking only 
48 h in comparison with 3 to 7 d) and just as reliable as conventional methods.
Phillips and Griffiths (1989) combined and modified various aspects of Listeria 
selective media to develop a medium with good selectivity and signal response. The 
medium they developed contained nalidixic acid and acriflavine which are Bacillus spp. 
inhibitors, ceftazidime, which inhibits Gram negative background microflora, and 
aesculin, which in combination with ferric ammonium citrate allows Listeria 
monocytogenes to hydrolyze aesculin to glucose and aglycone aesculetin, which then 
complexes with iron and turns black (Poysky et al., 1993). Phillips and Griffiths 
(1989) compared capacitance, conductance, and impedance signals, and found that 
capacitance measurement identified Listeria spp. more readily than the other two 
signals.
Due to the increase in small, mobile charged particles (e.g. lactic acid and Ca+2) 
prior to and during rigor, it is necessary to underscore the potential for these 
compounds to affect impedance analysis. Judge et al. (1991) reported that fish rigor 
mortis occurred 1 h after death, thus the electrolytic products of rigor mortis could 
likely affect impedance analysis measurements for the first few postmortem hours.
As mentioned earlier, TMA measurement has been used to indicate fish quality. 
Easter et al. (1982) used conductance to determine the ability of bacteria to reduce
TMAO to TMA for taxonomic classification purposes. Since TMAO is a neutral 
molecule and TMA is strongly basic, increased production of TMA from TMAO 
increases electrical conductance.
MATERIALS AND METHODS
Experimental Protocol
The five objectives of the research are each addressed by a separate study. 
These objectives were (a) to determine the effect of sample dilution and incubation 
temperature on impedance, (b) to compare sensory, psychrotrophic microbial numbers, 
pH, and impedance as quality determinants of shrimp, (c) to investigate the role of 
thermal processing on impedance detection of shrimp quality, (d) to compare sensory, 
psychrotrophic microbial levels, pH, impedance, and nucleotide degradation compounds 
as catfish quality determinants, and (e) to evaluate the impact of rigor mortis and 
electrical stimulation on impedance measurements of catfish. Prior to initiating the 
studies, the sensitivity of the impedance technique to salt and trimethylamine 
concentrations was determined. Salt concentrations did not exceed 0.34 M since 
bioMerieux Vitek Inc. (1993) reported that Bactometer module electrodes become 
saturated for salt solutions between 0.17 and 0.34 M because the dissociated chloride 
ions corrode the electrodes. Sampling was performed in triplicate.
Shrimp. The objective of the initial study was to determine the effect of sample 
dilution and incubation temperature on impedance measurement of shrimp. This study 
examined impedance of thermally processed shrimp that had been previously stored raw 
at -20 and 5°C and thermally processed prior to impedance measurement every 7 d 
throughout a 21 d period. Sample dilutions were 1:2 and 1:10 (ratio of shrimp weight
45
46
to shrimp weight +  weight of distilled demineralized water), while Bactometer 
incubation temperatures were 25 and 40°C.
The experiments conducted within the second study measured various attributes 
of shrimp stored at -20 and 5°C. Sensory scores, psychrotrophic bacterial numbers, 
pH, and impedance were measured every 3 d during a 15 d storage period. These 
measurements were investigated because of their potential or previous use as indicators 
of shrimp quality. Salt content of the same samples was measured to decide if tissue 
NaCl concentrations were high enough to affect impedance measurements.
The purpose of the third study was to investigate the effect of thermal processing 
on quality assessment of shrimp. This study was designed to determine if cooking 
(boiling) affected impedance measurements of shrimp for quality identification. The 
first experiment in this study measured impedance of raw and thermally processed 
shrimp (cooked prior to impedance measurement) stored raw at 25°C for 48 h. Every 
12 h, half of a sample set was measured for impedance in the raw state and the other 
half was measured after thermal processing. In the second experiment, raw shrimp 
stored at -20, 5, 25, and 35°C for 24 h were sampled raw or thermally processed and 
impedance measured every 3 h. In addition, shrimp were evaluated for odor prior to 
boiling. In the third experiment, impedance and odor were measured in the same 
fashion as the second experiment, except samples were analyzed every 3 d during a 15 
d storage period at -20 and 5°C.
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Catfish. The effect of the dilution of catfish on impedance was measured as part of 
the first study. Raw catfish were sampled at 0, 3, and 6 h during storage at 5°C. 
Dilutions of catfish samples with distilled demineralized water were 1:5 and 1:10. 
Bactometer incubation temperature was 40°C.
Catfish were measured for sensory scores, psychrotrophic bacterial numbers, 
pH, nucleotide degradation compounds, and impedance in the fourth study. Data for 
each measure was collected daily from samples stored at -20 and 5°C over 4 d. Each 
method was chosen due to its potential or previous use as an indicator of fish quality.
The impact of electrical stimulation of catfish on impedance was examined in 
the fifth study. The purpose was to determine if early onset of rigor mortis induced by 
electrical stimulation would affect impedance. In the first experiment, pH and 
impedance of catfish were measured every 4 h in samples stored at -20 and 5°C for 24 
h. The second experiment examined pH, impedance, and texture (via punch force) of 
catfish every hour over 5 h. Texture was examined to determine when rigor mortis 
occurred.
Impedance Methodology
Bactometer. The impedance monitoring system used for this study was the bioMdrieux 
Vitek Bactometer (Hazelwood, MO). The system includes a computerized electronic 
analyzer, video display, printer, and a Bactometer Processing Unit (BPU) that contains 
two independently controlled incubation chambers. The BPU has two module 
connections per incubator, and a module has 16 wells that may contain up to two mL
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of sample per well. The system is designed to detect changes in conductance (G), 
capacitance (C), and impedance (Z) caused by changes in electrolytic content from 
microbial activity. Impedance Detection Time (IDT) (i.e. time needed for an initial 
concentration of microorganisms to reach a threshold level) is dependent upon the 
microorganism growth rate, lag time, and initial concentration of cells (bioMdrieux 
Vitek, Inc., 1993). A run consisted of electrical current passing through each well 
every 6 min with an average initial impedance value (I-value) in units of siemens 
automatically recorded after 30 min (bioMerieux Vitek, Inc., 1993).
Salt Effect. Molar NaCl solutions of 0.00, 0.17, and 0.34 in distilled demineralized 
water were sterilized by autoclaving. Three one mL aliquots of each sample were 
distributed each of three module wells and modules were inserted into a 40°C 
Bactometer incubator. A Bactometer programming run was then initiated.
Trimethylamine Effect. Standard stock solutions were prepared in accordance with 
methods described by Boland and Paige (1971). The original stock solution of one mg 
TMA/mL (1.79 X 10'2 M) was prepared by adding 0.682 g (CH3)3NHC1 to one mL of 
25% HC1 and diluting to 100 mL with distilled demineralized water. Subsequent 
dilutions were made from the original stock solution. Solutions to be tested were 
1.79 X lO'3, 8.93 X 10-4, 1.79 X 1 0 \  8.93 X 10^, and 1.79 X 10'7 M. One mL of 
each concentration was dispensed per module well in triplicate. Modules were then 
inserted into the BPU and a Bactometer programming run was initiated.
49
Analysis of Shrim p and Catfish
Shrimp Source and Preparation for Storage. Whole white shrimp (Penaeus 
setiferis), harvested from the Gulf of Mexico and retrieved from Delcambre, Louisiana, 
were transported to Louisiana State University on ice. Shrimp were separated into 50 g 
samples, heat sealed in polyethylene bags, and randomly distributed to different storage 
temperatures, as outlined in the Experimental Protocol. Each storage temperature was 
chosen to mimic a possible storage condition.
Catfish Source and Preparation for Storage. Channel catfish (Ictalurus punctatus) 
were obtained from a local retail outlet (Baton Rouge, LA). Catfish were held in 
stocked, aerated tanks. Most catfish weighed between 681 g (1.5 lbs.) and 1362 g (3.0 
lbs.), which is similar to weights at commercial processing facilities. Fish were 
removed from tanks, killed by electrically stimulation for 1 min on a 46 X 46 cm2 (18 
X 18 in2) metal grid with 24 volts and 2 amps, and then eviscerated. Fish were 
transported on ice to Louisiana State University. Skinning and filleting were performed 
at LSU. Fillets were cut into 30 g samples, heat sealed in polyethylene bags, and 
distributed to different storage temperatures.
Shrim p Thermal Processing, Dilution, Incubation and Impedance M easurem ent.
Shrimp samples (50 g) were removed from storage, thermally processed by boiling at 
100°C in 450 mL distilled demineralized water for 5 min, drained, and cooled to room 
temperature on ice. Sample dilutions of 1:2 and 1:10 were made. Diluted shrimp
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samples were homogenized at high speed for 2 min in a Waring Blendor (Winsted, 
MA). Three one mL samples were distributed to three module wells. Modules were 
inserted into BPU incubators set at 25 and 40°C, and a Bactometer programming run 
was initiated. Impedance studies of shrimp subsequent to the dilution experiment 
utilized a 1:10 dilution.
Catfish Dilution and Impedance M easurem ent. Sample preparation was similar to 
that for shrimp except that a Labblender 400 Stomacher (Tekmar Co. Inc., Cincinnati, 
OH) was used for a 2 min homogenation. One set of samples was diluted 1:5 with 
distilled demineral,ized water while the other was diluted 1:10. Three one mL samples 
were distributed to three module wells. Modules were inserted into the 40°C incubator 
of the BPU and a Bactometer programming run was initiated. Impedance studies of 
catfish subsequent to the dilution experiment utilized a 1:10 dilution.
Sensory Evaluation. Three panelists from the Louisiana State University Department 
of Food Science analyzed shrimp and catfish odor. Using a ten point hedonic scale 
(Meilgaard et al., 1987), panelists rated shrimp and catfish on the basis of 1 being the 
most acceptable odor and 10 as the worst, with 5 identified as the division between 
acceptable and unacceptable.
Enum eration of Psychrotrophic Bacteria. Psychrotrophs were enumerated using 
standard plate count methods (Speck, 1992). Samples were diluted 1:10 with sterile
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0.1 % peptone water and homogenized for 2 min. Subsequent serial dilutions were also 
performed using 0.1% peptone water. Duplicate plate counts were performed by 
spreading 0.1 mL of dilutions on prepoured Plate Count Agar (PCA) plates (Difco 
Laboratories, Detroit, MI) and incubating plates 7 d at 7°C. Colony forming units 
(CFU) were counted on a Darkfield Quebec Colony Counter (American Optical 
Corporation, Buffalo, NY). Calculations of CFU/g were performed following 
guidelines outlined by Speck (1992).
M easurement of pH. Shrimp and catfish samples were diluted 1:10 with sterile 
distilled demineralize water and homogenized as previously described. Homogenate pH 
was measured with an Orion pH meter, Model SA520 (Orion Research Inc., Boston, 
MA).
M easurement of Shrimp Salt Content. Shrimp samples diluted 1:10 with sterile 
distilled demineralized water and homogenized as previously described, were analyzed 
for salt content. Chloride content (mg Cl/L) of the homogenate was analyzed with a 
Coming 926 Chloride analyzer (Ciba Coming Diagnostics Corporation, Medfield, MA) 
and converted to percent salt content of body tissue.
Quantification of Catfish Nucleotide Degradation Compounds. Analysis of catfish 
nucleotide degradation products was performed using a method similar to that described 
by Hartwick et al. (1979). Catfish samples of two g were treated with 10 mL of 5%
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perchloric acid and homogenized with a Tekmar Tissumizer Model TR-103 (Tekmar 
Co. Inc., Cincinnati, OH) at 80% power for 1 min. Samples were centrifuged for 10 
min at 3,000 X g in a Sorvall Instruments RC5C Centrifuge (Norwalk, CT) and 
supernatant was collected and filtered through Whatman No. 3 filter paper (Whatman 
International Ltd., Madstone, England). The extraction was repeated three times for 
each sample. The bulk supernatant was brought to pH 6.4 with 5 N KOH and chilled 
to 5°C for 1 h. After an additional centrifugation, crystals of KC104 were removed by 
suction filtration using Whatman No. 3 filter paper. The supernatant was thoroughly 
filtered through an HPLC grade filter (Nalgene 0.2 micron pore PTFE filters, Nalgene 
Brand Products, Rochester, NY). Filtrate was injected through a Beckman 210A 
manual injector (Beckman Instruments, Inc., Fullerton, CA) fitted with a 20 fiL  sample 
loop, and connected to a Waters 510 HPLC pump and Absorbosphere 3 micron, 100 
mm, I.D .4.6 mm column (Alltech, Deerfield, IL). Mobile phase consisted of 0.02M 
KH2P 0 4 containing 3% acetonitrile and was run at a flow rate of 0.8 mL per min. 
Detection was accomplished with a Waters Lambda-Max Model 481 LC 
spectrophotometer (detector set at 254 nm), and data acquisition was accomplished 
using Maxima 820 Chromatography Software (Millipore Corp., Waters 
Chromatography Division, Milford, MA). Hypoxanthine (Hx), inosine (HxR), and 
inosine-5’-monophosphate (IMP) (Sigma Chemical Co., St. Louis, MO) were prepared 
in increasing dilutions (10‘2 - 10‘5) from initial concentrations of 1 mg/mL. Each 
dilution was injected through the column to identify the position of the peak (retention 
time of compound) and the peak areas. Peak areas (measured in millivolt*seconds
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(mV*sec) and converted to kilovolt*sec (kV*sec)) were plotted against standard 
concentrations (mg/mL) to yield a linear regression equation for each compound. 
Catfish sample peak areas for each compound were identified by retention time and the 
amounts were calculated in nmol/g of sample. Standard concentrations, equations, and 
a sample chromatogram of hypoxanthine, inosine, and inosine-5’-monophosphate can 
be found in Appendix A. Raw peak area data, computations, and final concentrations 
can be found in Appendix B.
Texture Measurement of Catfish using Punch Force. Catfish fillet samples of 38.1 
mm2 (1.5 in2) were analyzed for tough texture with a procedure similar to that used by 
Watabe et al. (1990) with carp muscle. This method used an Instron Universal Testing 
Meter, Instron Series 4501 (Canton, MA) for punch force measurements in kg of force 
at a speed of 100 mm/min with a cylindrical plunger (1.5 mm D). Sample depth was 
measured with calipers and punch force was divided by total depth (mm).
Statistical Analysis
The data was analyzed using Analysis of Variance (ANOVA) (SAS, 1985). 
Significant interactions were further analyzed using a simple main effects analysis with 
Bonferroni adjustment to control for Type I error inflation (SAS, 1985). Correlations 
were determined by analyzing linear regressions of impedance, microbial numbers, 
odor, punch force, pH, nucleotides and salt concentrations on time and conducting 
multivariate tests using ANOVA to analyze for equality of standardized regression
coefficients (SAS, 1985). Correlation coefficients for the X and Y variables are 
included in most graph legends in the results section. Most data with no correlations 
were not shown in graphs.
RESULTS 
Effect of Salt and TMA on Impedance
I-values increased with increased salt concentrations up to 0.34 M. Impedance 
showed saturation at 0.34 M (Figure 4). I-values also increased with increasing TMA 
concentrations, although saturation was not reached. Standard errors of I-values did 
not exceed 7% for either salt or TMA.
Effect of Dilution and Incubation Tem perature on Impedance M easurem ent of 
Shrimp
I-values decreased 170 siemens over 14 d after which no further decrease was 
observed for shrimp stored at -20°C (Figure 5). I-values did not change for 14 d, after 
which an increase of 284 siemens was observed for shrimp stored at 5°C (Figure 6). 
I-values were 600 siemens lower for samples diluted 1:10 than 1:2. I-values were 
180 siemens lower for samples incubated at 25°C than for 40°C. Standard errors of 
I-values did not exceed 15%. Dispensing time per well for 1:2 and 1:10 dilutions were 
2 min and 5 s, respectively.
M easurement of Shrim p O dor, Psychrotrophic Bacterial Numbers, pH, Salt 
Content, and Impedance
Samples stored at -20°C were used as controls for all examinations of odor. 
Odor scores of raw shrimp stored at -20°C for 15 d did not change significantly 
(p > 0.05) throughout storage (Figure 7). Shrimp stored at 5°C showed odor scores
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FIGURE 4. I-values in siemens of molar TMA and NaCI solutions.
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FIGURE 5. I-values in siemens of shrimp stored 21 d at -20°C, thermally
processed, diluted 1:2 or 1:10, and incubated at 25°C or 40°C.
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FIGURE 6. I-values in siemens of shrimp stored 21 d at 5°C, thermally
processed, diluted 1:2 or 1:10, and incubated at 25°C or 40°C.
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FIGURE 7. Psychrotrophic bacterial numbers in log10CFU/g and odor scores
of raw shrimp stored 15 d at -20 and 5°C.
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that significantly increased (p < 0.05) over a 9 d period. Unacceptable odor in 
shrimp occurred between 3 and 6 d.
Counts of psychrotrophic bacteria did not change significantly (p >  0.05) for 
control samples (Figure 7). Counts increased by 6 logs between 0 and 6 d for samples 
stored at 5°C. Not unexpectedly, a typical microbial growth curve was observed with 
stationary phase reached at 6 d. After 3 d of storage at 5°C, shrimp were microbially 
unacceptable (>  106 CFU/g). Odor scores directly correlated with psychrotrophic 
bacterial numbers during the growth phase (Figure 8).
The pH of raw shrimp samples increased significantly (p <  0.05) during the 
first 3 d of storage at -20 and 5°C, and did not significantly change thereafter 
(Figure 9). The pH correlated higher with psychrotrophic bacterial counts than with 
odor scores for shrimp stored at 5°C (Figure 10). No correlation was evident between 
pH, odor, and psychrotrophic bacterial numbers for control samples.
Chloride content of raw shrimp stored at -20 and 5°C had no correlation with 
odor, psychrotrophic bacterial numbers, or pH (data not shown). No significant 
changes (p >  0.05) occurred in shrimp chloride content throughout storage.
I-values did not significantly change (p >  0.05) for control shrimp samples 
stored at -20°C for 15 d (Figure 11). I-values significantly increased (p <  0.05) over 
15 d of storage at 5°C (Figure 11). Odor scores directly correlated with I-values for 
shrimp stored at 5°C for 15 d (Figure 12) whereas no correlation was found for counts 
of psychrotrophic bacteria.
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FIGURE 8. The correlation of psychrotrophic bacterial counts in log10CFU/g
and odor scores for raw shrimp stored 15 d at 5°C.
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FIGURE 9. pH of raw shrimp stored 15 d at -20 and 5°C.
Log
 
CF
U/
g
63
o Counts •  Odor
R » 0.95 R -0 .8 3
0 12.00
9 9.80
8 7.60
7 5.40
6 3.20
5 ^  
6.00
1.00
8.406.60 7.20 7.80 9.00
FIGURE 10. The correlation of pH with psychrotrophic bacterial counts in
logl0CFU/g and odor scores for raw shrimp stored 15 d at 5°C.
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FIGURE 11. I-values in siemens of raw shrimp stored 15 d at -20 and 5°C.
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FIGURE 12. The correlation of I-values in siemens with odor scores and
psychrotrophic bacterial numbers in log10CFU/g for raw shrimp
stored 15 d at 5°C.
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Effect of Thermal Processing on Impedance M easurem ent of Shrim p 
48 h Study. I-values were significantly lower for thermally processed shrimp than raw 
shrimp after storage at 25 °C for 48 h (Figure 13). I-values for thermally processed 
samples significantly increased (p <  0.05) from 0 to 12 h and from 12 to 24 h, but did 
not significantly change from 24 to 48 h. I-values increased significantly (p <  0.05) 
for raw shrimp throughout 48 h of storage (Figure 13).
24 h Study. Raw shrimp stored at -20 and 5°C were used as controls for all 
examinations of odor and impedance. Odor scores of these samples did not change. 
Raw shrimp stored at 25°C showed unacceptable odor scores after 9 h of storage 
(Figure 14). Raw shrimp stored at 35°C showed unacceptable odor scores after 6 h of 
storage (Figure 14).
I-values did not change significantly (p >  0.05) for controls (Figure 15). 
I-values significantly increased (p <  0.05) after 6 h for raw samples stored at 25 and 
35°C (Figure 15). I-values correlated directly with odor scores for raw shrimp stored 
at 25 and 35°C (Figure 16). I-values did not significantly change (p >  0.05) for 
thermally processed shrimp (data not shown).
15 d Study. I-values over 15 d did not change significantly (p >  0.05) for thermally 
processed shrimp (data not shown).
Correlation of All O dor Scores and I-values for Raw Shrim p
There was a direct relationship between all I-values and odor scores for raw
shrimp (Figure 17).
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FIGURE 13. I-values in siemens of raw shrimp stored at 25 °C for 48 h and
sampled raw and after thermally processing.
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FIGURE 14. Odor scores of raw shrimp stored 24 h at -20, 5, 25, and 35°C
for 24 h.
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FIGURE 15. I-values in siemens of raw shrimp stored 24 h at -20, 5, 25, and
35 °C for 24 h.
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FIGURE 16. The correlation of I-values in siemens and odor scores of raw
shrimp stored 24 h at 25 and 35°C.
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FIGURE 17. The correlation of odor scores and I-values in siemens of raw
shrimp.
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Effect of Diiution on Impedance M easurem ent of Catfish
I-values over 6 h did not change for catfish samples diluted 1:5 or 1:10. 
I-values were 560 siemens higher for 1:5 dilutions (Figure 18). Preparation and 
dispensing times for 1:5 and 1:10 dilutions were 1 min and 5 s, respectively. Standard 
errors did not exceed 10% for catfish samples.
M easurement of Catfish O dor, Psychrotrophic Bacterial Numbers, pH , Nucleotide 
Degradation, and Impedance
24 h Study. Catfish samples stored at -20°C for 24 h had odor scores and I-values that 
did not change significantly (p >  0.05) during storage. They were used as controls 
(Figure 19). Catfish samples stored at 35°C had unacceptable odor scores after 12 h 
(Figure 19). I-values for samples stored at 35°C did not significantly change 
(p >  0.05) over 16 h, but were significantly higher than controls after 16 h 
(Figure 19). Catfish pH, measured concurrently with odor, showed no significant 
change (p >  0.05) and did not correlate with I-values or odor scores (data not shown). 
I-values and odor scores also did not correlate (R=0.49), but a general trend of 
increasing values was evident.
4 d Study. Counts of psychrotrophic bacteria and odor scores of catfish samples stored 
at -20°C did not change significantly (p >  0.05) during 4 d of storage and were used 
as controls. Odor scores and psychrotrophic bacterial counts significantly increased 
(p < 0.05) over 4 d for catfish samples stored at 5°C (Figure 20). Odor and counts 
of psychrotrophic bacteria were also unacceptable (>  106 CFU/g) after 2 d of storage
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FIGURE 18. I-values in siemens of raw catfish stored 6 h at 5°C and diluted
1:5 and 1:10.
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FIGURE 19. I-values in siemens and odor scores of catfish stored 24 h at -20
and 35°C.
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FIGURE 20. Odor scores and psychrotrophic bacterial numbers in log|0CFU/g
of catfish samples stored 4 d at -20 and 5°C.
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at 5°C. Odor scores and psychrotrophic bacterial counts directly correlated 
(Figure 21). The pH did not change significantly (p >  0.05) over 4 d for catfish 
samples stored at -20 or 5°C (data not shown).
Hypoxanthine content significantly increased (p <  0.05) after 1 d after which 
a linear decrease was observed for samples stored at -20 °C (Figure 22). Hypoxanthine 
content decreased after 1 d for samples stored at 5°C, with no further decrease 
observed thereafter (Figure 22).
Catfish samples stored at -20°C showed no significant change (p >  0.05) in 
inosine content during 4 d of storage and were used as controls. Inosine content 
increased significantly (p <  0.05) over 4 d for catfish samples stored at 5°C and 
directly correlated with odor scores and psychrotrophic bacterial numbers for the same 
samples (Figures 23 and 24). The IMP content and I-values did not change 
significantly (p >  0.05) (data not shown).
Kr values decreased significantly (p <  0.05) for catfish samples stored at -20°C 
for 4 d (Figure 25). Kr values did not significantly change (p >  0.05) over 4 d for 
catfish samples stored at 5°C (Figure 25).
Correlation of All Odor Scores and I-values for Raw Catfish
There was no direct association between all odor scores and I-values for raw 
catfish (Figure 26).
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FIGURE 21. The correlation of odor scores and psychrotrophic bacterial
numbers in log10CFU/g of catfish samples stored 4 d at 5°C.
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FIGURE 22. Hypoxanthine content in nmol/g of catfish samples stored 4 d at 
-20 and 5°C.
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FIGURE 23. Inosine content in nmol/g and odor scores of catfish samples
stored 4 d at -20 and 5°C.
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FIGURE 24. The correlation of inosine content in nmol/g and odor scores of
catfish samples stored 4 d at 5°C.
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FIGURE 25. Krvalues in percent of catfish samples stored 4 d at -20 and 5°C.
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FIGURE 26. The correlation of odor scores and I-values in siemens of raw
catfish.
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Im pact of Electrical Stimulation of Catfish on Impedance
24 h Study. The pH did not significantly change (p >  0.05) over 24 h for electrically 
stimulated (ES) or non-stimulated (NS) catfish samples stored at -20 or 5°C 
(Figure 27). NS catfish samples had a higher pH than ES samples although the 
difference was not significant (p >  0.05) (Figure 27).
I-values did not significantly change (p <  0.05) over 24 h for ES and NS catfish 
samples stored at -20°C and 5°C (data not shown). No differences were observed in 
I-values of ES or NS catfish samples or between samples stored at -20 and 5°C.
5 h Study. Punch force increased significantly (p <  0.05) between 1 and 4 h for ES 
catfish samples and between 3 and 4 h for NS samples stored at -20°C (Figure 28). 
Punch force at 2 and 3 h was higher for ES than NS samples stored at -20°C. Peak 
punch force measurements occurred at 4 h for both ES and NS samples. NS samples 
showed higher punch force values than ES samples. Punch force of ES catfish samples 
stored at 5°C decreased significantly (p <  0.05) in the first hour after which no further 
decrease was observed. Punch force values did not significantly change (p >  0.05) 
over 5 h for NS samples stored at 5°C.
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FIGURE 27. pH of electrically stimulated (ES) and non-stimulated (NS) catfish 
samples stored 24 h at -20 and 5°C.
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FIGURE 28. Punch force of ES and NS catfish samples stored 5 h at -20
and 5°C.
DISCUSSION
The increase in seafood consumption in the United States has been due to its 
availability, economic appeal, taste, and health benefits (Vondruska et ah, 1988). 
Increased seafood consumption has caused concern for seafood quality and safety. 
Unfortunately, no comprehensive quality determination method for all seafood species 
is presently available. Current quality evaluation methods are either slow, inaccurate, 
or subjective. The present study evaluated the efficacy of impedance as an alternate 
determinant of shrimp and catfish quality.
TMA was detectable by impedance at concentrations as low as 8.9 X 1CT5 M. 
The direct relationship found between I-values and TMA concentrations agreed with 
similar reports by Easter et al. (1982 and 1983). Impedance measurements seem to 
offer a potential for early indication of seafood spoilage since impedance is highly 
sensitive to TMA. TMA levels of 0.015 mg TMA/g tissue (Bailey et al., 1956), 
0.1 mg TMA/g tissue (Notevarp, 1943), and 5 mg TMA/g tissue (Montgomery, 1956) 
have been reported as the highest acceptable concentrations for seafood. An impedance 
method would have to be product specific and calibrated against standard methods used 
to measure TMA. Compounds such as DMA and formaldehyde are produced in high 
quantities postmortem in Gadidae spp. of fish. These compounds decrease TMA 
measurement sensitivity by reacting with the TMA indicator (Ohashi et ah, 1991b). 
These interfering compounds may likely account for differences in acceptable TMA 
levels and could affect impedance sensitivity due to their electrolytic nature.
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Lower I-values were found with dilution since concentrations of electrolytic 
compounds decreased with dilution. Higher I-values provided greater differences in 
measurements between controls and treatments, yielding greater statistical significance 
(Steele and Torrie, 1980). A 1:10 dilution was chosen since homogenates of lower 
dilution homogenates were viscous and difficult to dispense. I-values for 1:2 or 1:10 
dilutions had similar slopes with storage time. This indicated that although the total 
amount of current passing through the homogenate was less in a 1:10 dilution, the 
impedance response with either temperature was virtually the same. A 1:2 dilution 
would be expected to have a 5 fold higher I-value than a 1:10 dilution, or a 2.5 fold 
higher I-value than a 1:5 dilution. This relationship was not found with shrimp or 
catfish homogenates, since a medium possesses a maximum current that can be 
conducted under controlled conditions (Eden and Eden, 1984). The I-values were 
optimum for 1:2 dilutions incubated at 40°C. The choice of incubator temperature was 
dependent on attaining the highest I-values. Since higher temperatures decrease 
resistance of most media (Eden and Eden, 1984), samples incubated at 40°C had higher 
I-values than those incubated at 25°C. A 1:10 dilution and 40°C incubation 
temperature were selected as the operating parameters for the Bactometer seafood 
quality determination method.
Odor has historically been used to measure quality since it is simple and rapid 
(Larmond, 1987), but microbial enumeration has also been associated with seafood 
quality (Hollingworth et a l ,  1991; Matches, 1982; and Perez-Villarreal and Howgate; 
1987). In the present study, a direct relationship of increasingly unacceptable odor
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scores with increased storage time for shrimp or catfish was found. Odor scores of 
shrimp and catfish stored at 5°C correlated with psychrotrophic bacterial counts. These 
relationships demonstrated that microbial loading is associated with the production of 
unacceptable odors. This confirms reports by Cobb et al. (1976) and Cox and Lovell 
(1973) who demonstrated that increasing microbial loads are a major factor in 
decreasing sensory acceptability. Although microbial enumeration as a quality indicator 
is neither simple nor rapid, there is a direct relationship between microbial counts and 
odor. In this study, psychrotrophic microbial counts of shrimp did not correlate as well 
with storage time as did odor scores. Barrett and Kwan (1985) and Perez-Villarreal and 
Howgate (1987) demonstrated that higher microbial counts were associated with fish 
tissue TMAO reduction. An increased amount of TMA is the major causal agent of 
unacceptable "fishy" odor associated with marine seafood (Perez-Villarreal and 
Howgate, 1987; Cobb et al., 1973; and Ohashi et al., 1991b).
There was a direct relationship between I-values and odor scores for shrimp as 
storage temperatures increased. This is most likely because the compounds known to 
produce unfavorable odors in shrimp (ammonia and TMA) are produced more rapidly 
during storage at higher temperatures (Cheuk et al., 1979 and Ohashi et al., 1991b). 
Such compounds are electrolytic (Eden and Eden, 1984; Allison et al., 1938; and 
Easter et al., 1982), explaining the increased I-values for shrimp stored at high 
temperatures. Thermal processing of shrimp was shown to alter impedance 
measurements. I-values of thermally processed shrimp regardless of storage
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temperature or storage time did not correlate with raw shrimp I-values or odor scores. 
This may be due to a loss of electrolytes caused by boiling and draining of the samples.
A direct relationship was established between raw shrimp odor scores and 
I-values. The association shows the potential for indicating shrimp quality by 
impedance. An odor score of 5 corresponded to an I-value of 2175 siemens. This 
could serve as a division point between the acceptable and unacceptable quality of raw 
shrimp.
There was no direct association between all odor scores and I-values for raw 
catfish. However, I-values increased after 20 h for catfish samples stored at 35°C. 
This presumably was due to the production of electrically charged proteolytic products 
(i.e. ammonia) by mesophilic bacteria (e.g. Proteus spp.). The lack of increase in 
I-values for samples stored at 5°C was conceivably due to little or no TMA production 
by catfish tissues (Barrett and Kwan, 1985; Beatty and Gibbons, 1937).
Levels of TMA were likely the the major factor influencing impedance 
measurements. TMA is water soluble, and thermal processing is likely to leach out the 
TMA. Thermally processed shrimp had lower I-values than raw shrimp. In 
comparison to TMA, indole was not considered to be a key compound affecting 
I-values of shrimp because it does not conduct electrical current (Weast, 1985). Indole 
also does not dissipate from shrimp tissue during thermal processing because it is water 
insoluble and heat stable (Chang, 1983; Weast, 1985). Measurement of TMA content 
and I-values of shrimp and catfish should be conducted to substantiate the hypothesis 
that TMA influences shrimp I-values.
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pH is used as an indicator of shrimp quality (Bailey et al., 1956; Cobb et al., 
1973). Results of shrimp pH measurement in the present study raise doubts as to the 
acceptability of using the method. Bailey et al. (1956) found a correlation between 
shrimp pH and spoilage and stated that shrimp pH of 7.70 or less indicated prime 
quality, pH 7.70 to 7.95 indicated poor but acceptable quality, and a pH greater than 
7.95 indicated unacceptable quality. Samples stored at -20°C remained within this 
prime quality range for the entire study; however, samples stored at 5°C displayed pH 
values that varied between these acceptance levels. Although shrimp samples stored 
at -20°C displayed pH values within prime quality range (Bailey et a l., 1956), samples 
stored at both -20 and 5°C showed increasing pH, which could interfere with 
interpretations of quality. Shrimp pH decreased into an acceptable range after 12 d for 
samples stored at 5°C. Odor scores went above 5 by 3 d, while the highest 
unacceptable odor score of 10 also occurred on day 12 thus contradicting the acceptable 
pH value. The pH increase in shrimp may be due to postmortem enzymatic ammonia 
production. Ammonia production may be due to adenosine deaminase and AMP 
deaminase activity since both of these enzymes can remain active under iced storage 
(0°C) (Cheuk et al., 1979). Additionally, there is the possibility that ammonia had a 
feedback inhibition effect on the deaminase enzymes (Lehninger, 1982). Measurement 
of pH was deemed unacceptable for the determination of shrimp quality. Since catfish 
pH did not change for samples stored at -20 and 5°C, pH was also deemed 
unacceptable for the determination of catfish quality.
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While the Kr value is a useful quality index for many fish species, it proved 
unacceptable for indicating catfish quality. Inosine content was an acceptable indicator 
of catfish quality. Odor of catfish stored at 5°C was compared with other quality 
measurements and a close relationship was identified between catfish odor and inosine 
content. Inosine content could be used to indicate catfish quality within the first 4 d 
of storage. Concentrations of IMP, the precursor of inosine, did not change during the 
study, possibly due to a high turnover rate from AMP to inosine which would lead to 
minimal change in IMP concentrations. Alternatively, IMP concentrations may not 
have changed because catfish degrade ATP via the adenosine route rather than the IMP 
route. This would explain an accumulation of inosine rather than hypoxanthine. Flick 
and Lovell (1972) demonstrated similar nucleotide degradation trends with white 
shrimp. They concluded that since white shrimp accumulate inosine rather than IMP, 
the adenosine degradation pathway was followed. Reports by Bremner (1988) support 
the catfish adenosine route hypothesis. He demonstrated that inosine accumulating fish 
have a slow rate of degradation of IMP and therefore a higher IMP content than 
hypoxanthine accumulators.
Hypoxanthine measurements did not show any relationship to odor, which 
disagrees with the study by Beuchat (1973). He reported that ES catfish accumulated 
hypoxanthine over 20 d, and concluded that hypoxanthine could be used as a catfish 
quality indicator since there was a direct relationship between hypoxanthine and sensory 
values. Calkins et al. (1982) observed that storage temperature, time of slaughter, 
premortem stress, and the amount of electrical current applied to a muscle tissue will
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affect the rate of nucleotide degradation. In the meat industry, electrical stimulation 
is used to hasten rigor mortis to tenderize meats. Rapid onset of rigor mortis is caused 
by electrical stimulation invoking a rapid depletion of ATP (Calkins et al., 1982). In 
the present study, the electrical stimulation of catfish samples for less than 1 min did 
not appear to cause rapid degradation of inosine to hypoxanthine. Results for catfish 
from the current study indicated inosine content would be a better indicator of quality 
than hypoxanthine. Measurement of all nucleotide degradation compounds during 
storage of catfish would provide valuable information as to the catfish nucleotide 
degradation pathway (IMP or adenosine). A study to measure all of the nucleotide 
degradation compounds in conjunction with different exposures of electrical stimulation 
would identify the effect of electrical stimulation on the nucleotide degradation of 
catfish.
Evaluation of K,-values to determine quality indicated that it was an 
unacceptable method for catfish. Since fish Kj-values below 50% are considered 
acceptable, the initial Kr values for catfish stored at -20°C indicated the product was 
spoiled at the beginning of the study and quality improved over time. The lack of a 
direct relationship between Revalues and odor indicated that the Kr value was an 
unacceptable measurement of catfish quality. The Revalues were due to high initial 
hypoxanthine concentrations and no change in IMP concentrations. If nucleotide 
degradation followed the IMP pathway (Figure 3), the initial IMP concentrations would 
have been higher and the Kr values would have correlated with odor evaluation. Since 
R,-value is the ratio of:
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(hypoxanthine +  inosine)
  (2)
(hypoxanthine +  inosine +  IMP) 
and did not accurately measure catfish quality, perhaps catfish muscle nucleotides 
degrade via the adenosine route. Confirmation of the catfish nucleotide degradation 
pathway could be achieved by measuring hypoxanthine, inosine, IMP, and adenosine. 
A K-value such as:
(hypoxanthine +  inosine) 
____________________________________________ (4)
(hypoxanthine + inosine +  adenosine) 
may be a better indicator of catfish quality if nucleotide degradation follows the 
adenosine pathway.
The effects of electrical stimulation on I-values, pH, and subsequently texture 
were examined. There was no significant difference in pH between ES and NS catfish 
samples stored at -20 and 5°C for 5 h indicating that low lactic acid production 
probably occurred in these samples. Catfish may have been overstressed prior to 
electrical stimulation, since stress decreases glycogen that would otherwise be 
catabolized to lactic acid postmortem (Pearson, 1986). Also, I-values for ES and NS
catfish stored at -20 and 5°C did not change. Results from the study indicated that
while rigor mortis occurred within 5 h postmortem for catfish samples stored at -20°C, 
subsequent I-values did not change. Texture was measured by punch force (Figure 28) 
(Watabe et al., 1990). There are two possible reasons for the increased punch force 
measurements for ES and NS catfish samples stored at -20°C for 5 h. The first may
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be that salt concentrated in the tissues due to freezing. Increased tissue salt content 
causes Ca2+ release into the already Ca2+ saturated sarcoplasmic reticulum thus 
increasing contractions. Contractions cause muscle fibers to shorten resulting in firmer 
tissue (Pearson, 1986; Calkins et al. , 1982). The second possible reason for increased 
punch force measurements was that rigor mortis was delayed, which also occurs during 
frozen storage (Pearson, 1986). Punch force measurements did not change after 1 h 
for catfish samples stored at 5°C as ATP was probably depleted during stimulation. 
Thus rigor mortis would have occurred within the first hour of storage since samples 
were not frozen. Electrical stimulation and storage temperature appeared to affect rigor 
mortis. Impedance and pH were not sensitive enough to measure if any chemical 
fluctuations occurred during rigor mortis.
No relationship between impedance and odor or impedance and microbial counts 
was identified for catfish while impedance measurements for shrimp did correlate with 
odor and microbial counts. This demonstrated that impedance measurements can be 
used to indicate shrimp quality, but not catfish quality. Storage and thermal processing 
studies implicated TMA as the most likely compound influencing impedance. These 
results warrant a study of impedance and TMA measurements of marine and freshwater 
fish. Such a study would identify the major factors influencing impedance and 
determine the efficacy of impedance for measuring seafood quality. Impedance 
measurements could also offer a potential for shelf-life prediction of marine seafood if 
temperature abuse is studied in depth.
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The present research indicated that the best method for objective determination 
of catfish quality is inosine measurement. Further research of the catfish nucleotide 
degradation pathway would be necessary to standardize this method. With the use of 
nucleotide oxidase to reduce nucleotide degradation analysis to less than 30 min (Isono, 
1990), the measurement of inosine could become a simple procedure incorporated into 
a quality assurance program. If the major degradation pathway follows the adenosine 
route, then a K-value including adenosine should be developed as an indicator of 
quality. Studies should be conducted to characterize the effect of electrical stimulation 
on catfish nucleotide degradation. If such studies show that electrical stimulation is the 
major influencing factor in catfish nucleotide degradation, then the duration of 
stimulation will have to be measured and controlled or catfish nucleotide degradation 
will not be suitable for determination of catfish quality.
CONCLUSIONS
The present study demonstrated that impedance measurement of shrimp was 
directly related to odor scores, and was the result of psychrotrophic bacterial activity. 
Impedance could be used for measurement of shrimp quality and conceivably other 
marine species of fish that contain TMA. Correlation studies between shrimp TMA 
content and I-values would be the necessary venue to establish a standard for this 
method.
There was no association between catfish I-values and either odor scores or 
psychrotrophic bacterial counts. Measurement of catfish quality was therefore not 
possible with impedance presumably due to the lack of TMA.
While catfish quality could not be measured with impedance, results of this 
study indicated that inosine could be used as a quality indicator. Further research to 
correlate the degrees of spoilage with increasing concentrations of inosine would 
provide the evidence necessary to apply this method in the catfish industry.
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GLOSSARY
algorithm - (bioMerieux Vitek Systems Bactometer) arithmetic formula that calculates 
the changes in impedance and instructs the software to convert these changes to 
impedance detection times for the sample.
barbel - the slender spines used as sensory organs by catfish.
brackish waters - waters containing some salt, not exceeding 3%.
capacitance - a quantity (Farads) related to the capability of a device to store or build 
up electrical energy. In an electrochemical well, capacitance results from accumulation 
of charged particles between the electrodes and solution.
caution time - an established time chosen for growth detection indicating 
microorganism numbers (CFU/mL) within a permitted level.
colony forming units - visible units counted in a plate count, formed either from an 
individual initial cell, or an initial group of individual cells clustered together.
chillpack - storage below ice pack temperature at -2.2°C without ice, and not frozen.
conductance - the reciprocal of resistance to an electrical content and flow through a 
solution. Concentration of mobile ions determines conductance values such that an 
increase in mobile ion concentrations results in an increase in conductance readings and 
vice versa.
cut off time - a chosen time to ensure samples detected earlier contain microorganism 
numbers (CFU/mL) in excess of a specified limit.
denaturation - partial or complete unfolding of the native structure of a polypeptide 
chain in a protein.
dimethyiamine - the demethylated product of trimethylamine or trimethylamine oxide.
elasmobranch - fish from the subclass Elasmobranchii characterized by cartilaginous 
skeleton, including sharks, rays, and skates.
electrical stimulation - using some device to run current through a muscle, used for 
stunning or killing animals, or to soften texture by increasing resolution of muscle from 
rigor mortis.
endogenous - derived from internal causes.
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estuary - the area that meets between the sea and the mouth of the river, with 
fluctuations in tide and salt content.
feed conversion ratio - amount of feed in lbs. to increase animal weight 1 lb. 
fresh - recently harvested, acceptable product, 
exogenous - derived from external causes.
gadoid - marine fish from the family Gadidae, such as cod, hake, and haddock. They 
are noted for deriving TMAO from their diet.
genus (s) genera (pi) - a taxonomic category below a family and above a species.
geosmin - the compound trans-1,10 -dimethyl-trans-(9)-decanol, associated with musty 
flavor of fish and shellfish, and is produced by certain species of Actinomvcetes and 
blue-green algae.
H azard Analysis Critical Control Point (HACCP) - programs established within 
industry to identify process hazards, their possible sources and ways to control and 
mostly avoid them.
ice pack storage - storage in ice at temperatures at or around 0°C, but not frozen.
impedance - the total opposition to the flow of alternating current. It is the vector sum 
of resistive and reactive components.
impedance detection time (IDT) - the time interval between initial impedance 
monitoring and the beginning of the acceleration phase of the signal.
m arine waters - associated with oceans, although classified as waters containing 
approximately 3% salt.
mesophile - an organism with maximum growth temperature between 25 and 40°C.
non-stimulation - in relation to electrical stimulation, the absence of applied voltage.
nucleoside - a compound made of a purine or pyrimidine and a sugar (normally by 
hydrolysis of a nucleic acid).
nucleotide - any compound composed of a nucleoside and a phosphoric acid.
oxidation - the removal of electrons from a molecule (or addition of oxygen to a 
molecule).
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pathogen - agent that causes disease.
polarography - an electrochemical relationship between increasing current passing 
through a medium, and the increased voltage used to produce it.
psychrophile - an organism that displays maximum growth temperature at 15 °C but 
does not grow above 20 °C.
psychrotroph - an organism able to grow at 5°C and above 20°C. 
reduction - addition of electrons to a molecule (or the gain of hydrogen atoms),
spoilage - becoming rotten, or unfit for use.
standard  plate count - method of determining number of bacteria in a sample by
counting number of colony forming units on a plate.
thiobarbituric acid (analysis for autoxidation) - the acid used to react with 
malonaldehyde (a product of autoxidation) to provide a color change with measurable 
intensities to identify the degree of oxidation.
terrestrial - of the land, opposite of aquatic.
total viable count - same as standard plate count except the name emphasizes the 
counting of only viable organisms.
trimethylamine - a compound found in marine algae, ingested by fish from the 
environment and further oxidized to trimethylamine oxide.
trimethylamine oxide - compound found in marine fish tissue (and tissue of animals 
that consume these fish), is reduced to trimethylamine postmortem and is one of the 
major causes of fishy odors.
ultra  high tem perature (pasteurization) - pasteurization by increasing temperature from 
74 to 140°C and back to 74°C within less than 5 seconds.
vitreous hum or - A watery fluid found within the eyeball.
APPENDIX A: NUCLEOTIDE STANDARDS
This appendix includes standards for hypoxanthine (Hx), inosine (HxR), and 
inosine-5’-monophosphate (IMP), and the linear regression equations derived 
therefrom. Following this information is Figure 29 which demonstrates a sample 
HPLC chromatogram of the aforementioned compounds.
Hx Concentration Peak Area
(mg/mL) (kV*s)
0.1000 10.700000
0.0100 1.000000
0.0050 0.494428
0.0010 0.093058
0.0005 0.049494
Linear Regression Equation for Hx
Ya =  Xb (107.28) +  0.03229
R value =  0.999983168
HxR Concentration Peak Area
(mg/mL) (kV*s)
0.1000 4.770000
0.0100 0.438890
0.0050 0.221846
0.0010 0.044808
0.0005 0.022332
Linear Regression Equation for HxR
Y =  X (47.8229) +  0.0146978
R value =  0.999972623
IMP Concentration Peak Area
(mg/mL) (kV*s)
0.1000 4.650000
0.0100 0.502892
0.0050 0.228355
0.0010 0.036587
0.0005 0.015010
Linear Regression Equation for IMP
Y =  X (45.9801) +  0.0052257 
R value =  0.999943494
a =  Peak area (kV*s) 
b = Concentration (mg/mL)
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FIGURE 29. Sample HPLC chromatogram of (A) injection peak,
(B) inosine-5'-monophosphate, (C) hypoxanthine. 
and (D) inosine.
APPENDIX B: EQUATIONS AND CALCULATIONS
This appendix contains equations for calculating hypoxanthine (Hx), inosine 
(HxR), inosine-5’-monophosphate (IMP) concentrations, and K, value (% ). Raw 
data and final concentrations are also included in this appendix.
Hx Concentration =
[ [ [(Hx° - 0.032229) / 107.28] / 136100b] * lx lO 9 c * vold] /  wte
HxR Concentration =
[ [ [(HxR - 0.0146978) / 47.8229] / 268200] * lx lO 9 * vol] / wt
IMP Concentration =
[ [ [(IMP - 0.0052257 / 45.9801] / 348200] * lx lO 9 * vol] / wt
Ka VALUE (%) =
[ ([Hx] +  [HxR]) / ([Hx] +  [HxR] +  [IMP]) ] * 100
8 =  kV*s 
b =  mg/mol 
c =  nmol/mol 
d =  mL
e =  g
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